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Preface 


The  Sixth  International  Pathogenie  Neisscriae  Conference  was  helJ  at  Callaway  Gardens 
Conference  Center,  Pine  Mountain.  Ga.,  16  to  21  October  19X8.  This  conference  followed  similar 
meetings  in  San  Francisco,  Calif.  (1978);  Hemavan.  Sweden  (1980);  Montreal.  Canada  (1982); 
Asilomar.  Calif.  (1984);  and  Noordwijkerhout,  The  Netherlands  (1986).  The  primary  goal  of  the 
organizers  of  the  conference  was  to  bring  together  investigators,  postdoctoral  fellow  s  and  graduate 
students  from  academia,  government,  and  industry  who  are  involved  with  or  interested  in 
Neisseria  iionorrhoeae  and  Neisseria  meningitidis  to  share  ongoing  research  on  these  organisms 
and  the  diseases  they  cause,  to  communicate  with  fellow'  investigators,  and  to  stimulate  potential 
collaborative  endeavors.  The  success  of  previous  meetings  in  these  regards  is  evidenced 
througnout  the  following  review  articles.  Scientists  from  24  countries  attended  this  conference. 
There  were  47  oral  presentations  and  140  posters  covering  topics  such  as  pathogenesis,  molecular 
biology,  epidemiology,  immunity,  diagnostic  tests,  and  vaccine  development. 

Past  conference  organizers  have  published  the  oral  and  poster  presentations  of  each  meeting. 
While  these  publications  were  generally  useful,  they  had  several  disadvantages.  First,  publication 
of  research  articles  in  symposium  volumes  often  precluded  publication  of  the  same  data  in  a 
primary  journal.  Second,  many  of  the  papers  were  not  reviewed  by  the  standards  applied  to 
manuscripts  submitted  to  Journals.  Third,  inherent  and  sometimes  unforeseen  difficulties  in 
meeting  publication  schedules  often  resulted  in  unfortunate  delays  in  getting  the  articles  printed. 
After  consultation  with  the  American  Society  for  Microbiology,  the  current  organizers  decided  to 
solicit  review  articles  from  leaders  in  the  field  on  topics  that  would  broadly  cover  the  major  areas 
of  gonococcal  and  meningococcal  research.  These  articles  summarize  the  major  advances  in  each 
field  and  indicate  those  areas  that  require  further  study. 

Gonococcal  and  meningococcal  research  has  begun  a  new  era.  Investigators  have  recently 
agreed  on  a  uniform  nomenclature  system  for  cellular  components  that  it  is  hoped  will  avoid  some 
of  the  confusion  in  the  literature.  Advances  in  the  molecular  biology  and  genetics  of  N. 
fjonorrhoeae  and  N.  meninf’itidis  have  necessitated  the  aiticle  on  genetic  loci  and  linkage 
as.sociations.  It  will  probably  not  be  too  long  before  we  have  an  adequate  genetic  map  for  these 
organisms.  There  has  been  remarkable  progress  in  our  understanding  of  antigenic  variation  in  N. 
gonorrhoeae.  These  advances  have  heightened  the  difficulties  that  have  been,  and  will  be. 
encountered  in  developing  an  effective  vaccine  against  gonorrhea.  It  is  important  also  to  note  that 
studies  on  the  pathogenic  Neisseria  spp.  have  led  to  fundamental  concepts  about  muco^al 
pathogens  in  general  and  have  stimulated  research  on  other  bacterial  pathogens. 

The  Organizing  Committee  is  grateful  to  the  following  organizations  and  companies  f  r  their 
support  of  this  conference;  Centers  for  Disease  Control;  Emory  University;  National  Ir  >titute  of 
Allergy  and  Infectious  Diseases;  Food  and  Drug  Administration;  U.S.  Army;  Miles.  Inc. /Bayer 
AG;  SYVA Co.;  Institut  Merieux;  Upjohn  Pharmaceuticals;  Hoffmann-La  Roche  Inc.; Tambrands/ 
Hygeia  Sciences;  Merck  Sharp  &  Dohme;  Hoechst-Roussel  Pharmaceuticals  Inc.;  Marion 
Laboratories,  Inc.;  Roerig  Division  of  Pfizer,  Inc.;  Lederle  Laboratories;  and  Fastman  Kodak  Co. 
The  Organizing  Committee  also  wishes  to  express  its  appreciation  to  the  Pub  'ications  Board  of  the 
American  Society  for  Microbiology  and  to  the  editor  of  Clinical  Microhio'ogy  Reviews  for  making 
this  publication  possible. 
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/  From  general  information  to  data  on 
applications  for  specific  bacterial  infections, 
Quinolone  Antimicrobial  Agents  brings  together  in 
a  concise  volume  a  critical  and  comprehensive 
account  of  existing  information  on  these  new 
synthetic  drugs. 

In  general,  the  high  expectations  for  these 
drugs  by  researchers  have  been  borne  out  by 
clinical  studies  published  in  the  past  several  years. 
Quinolones  are  being  hailed  for  their  more  potent  in 
vitro  effects,  broader  antibacterial  spectrum, 
relatively  long  half-life  in  serum,  excellent  tissue 
penetration,  and  permeation  into  human  cells, 
resulting  in  antimicrobial  activity  against 
intracellular  pathogens. 
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Chronic  or  persistent  viral  infections  are  among 
the  leading  causes  of  human  suffering  and  mortality, 
and  the  viruses  producing  these  conditions  are  the 
subjects  of  intensive  and  increasing  study.  This 
volume  summarizes  basic  concepts  essential  for 
understanding  the  immunobiology  and  pathogenesis 
of  persistent  virus  infections  and  then  presents 
reviews  of  recent  advances  in  this  field,  focusing  on 
infections  caused  by  the  human  immunodeficiency 
virus,  Epstein-Barr  virus,  and  arenaviruses. 

Strategies  for  continued  research  are  also 
emphasized. 

All  of  the  contributors  are  distinguished  scien¬ 
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and  Pathogenesis  of  Persistent  Virus  Infections  will 
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the  pathogenetic  mechanisms  of  less-well- 
understood  viruses  such  as  the  human  immunodefi¬ 
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Many  of  the  surfaee  components  of  the  pathogenic  .\ci\- 
\cria  species  demonstrate  marked  antigenic  variability,  both 
between  dirt'erent  strains  and  among  sariants  of  a  single 
strain.  Numerous  examples  of  such  variable  surface  compo¬ 
nents  are  described  in  the  other  reviews  in  this  issue.  Amid 
this  surface  variability,  there  are  relativeK  few  components 
or  antigens  that  are  conserved  among  all  gonococci  or 
meningococci,  or  both.  I'he  conserved  antigens  that  have 
been  identified  have  been  'le  subject  of  considerable  study 
in  an  efi'ort  to  determine  w  hether  they  pki\  a  direct  role  in 
neisserial  pathogenesis  and  whether  the\  might  be  targets  of 
a  protective  immune  response.  The  existence  of  a  protein 
epitope  that  is  conserved  among  pathogenic  .SU’issrrio  spe¬ 
cies  was  revealed  by  the  binding  of  a  monoclonal  antibody 
iM.Ab)  designated  H.8  |8).  as  well  as  other  MAbs  with 
similar  specii.  ities  (14.  .11).  These  MAbs  bind  to  till  gono¬ 
cocci  and  meningococci  that  have  been  tested  and  to  N. 
lactdinicd  and  .V.  (.  incrcd  strains,  but  not  to  strains  of  other 
commenstil  .Wi'v.veru/  species  (1.8.  14.  .11).  There  has  been 
much  recent  progress  in  identifying  and  characteri/ing  the 
proteins  that  are  recognized  by  H. 8-specific  MAbs.  particu¬ 
larly  through  the  use  of  recombinant  deoxyribonucleic  acid 
(DNA)  approaches.  The  existence  of  multiple  proteins  that 
bind  H. 8-specific  MAbs  was  revealed  by  screening  libraries 
of  gonococcal  and  meningococcal  genes.  Gotschlich  et  al. 
(11)  cloned  two  distinct  gonococcal  genes  that  hybridize  to 
each  other  in  Southern  blotting  experiments  and  encode  H.8 
MAb-binding  pioteins  with  similar  apparent  molecular 
weights.  Further  analysis  of  these  and  other  cloned  genes 
has  added  to  our  understanding  of  the  characteristics  of  two 
ditferent  proteins  that  are  recognized  by  H. 8-specific  MAbs; 
the  lipid-modified  azurin  and  the  H.8  outer  membrane  pro¬ 
tein  (designated  Laz  and  Lip.  respectively,  in  the  nomencla¬ 
ture  recommendations  included  in  this  issue). 

LIPID-MODIFIED  AZURIN  (Lazi 

The  Ltiz  protein  is  a  two-domain  lipoprotein  that  is  highly 
conserved  in  gonococci  and  meningococci.  The  gene  encod¬ 
ing  Laz  has  been  cloned  and  sequenced  from  both  a  gono¬ 
coccal  (11,  12)  and  a  meningococcal  (17)  strain;  the  two 
genes  are  virtually  identical.  The  DNA  sequence  of  the  laz 
gene  predicts  that  the  protein  has  the  following  features,  (i) 
Tl.e  first  is  a  most  probable  signal  peptide-processing  site 
matching  the  consensus  site  for  bacterial  lipoproteins.  In 
other  procaryotic  lipoproteins,  this  site  is  recognized  and 
processed  by  signal  peptidase  IL  resulting  in  an  N-terminal 
cysteine  residue  modified  with  glycerol  and  fatty  acid  (21. 
30).  The  activity  of  signal  peptidase  11  is  specifically  inhib¬ 
ited  by  the  cyclic  peptide  antibiotic  globomycin  (15).  Using 
the  cloned  meningococcal  Idz  gene  in  Escherk  hid  coli,  we 
showed  that  the  Laz  protein  could  be  modified  with  radio- 
labeled  palmitic  acid  and  that  its  processing  was  sensitive  to 


inhibition  bv  globomycin,  thus  confirming  the  similarity  of  the 
recombinant-derived  neisserial  protein  to  other  procaryotic 
lipoproteins  tJ.  P.  W’oikIs.  J.  F.  Dempsey  .  T.  H.  Kawula. 
D.  S.  Barritt.  and  J.  Ci,  Cannon.  .Mol.  .Microbiol.,  in  press). 

(lit  I'he  predicted  mature  Laz  protein  has  a  molecular 
mass  of  17  kilodaltons.  The  N-terminal  39  amino  acids  of  the 
mature  protein  form  a  domain  composed  primarily  of  imper¬ 
fect  repeats  of  the  sequence  alanine-alanine-glutamate-ala- 
nine-proline  t.-X.AF.AP).  The  epitope  for  H.8  M.Ab  binding 
was  localized  to  no  more  than  20  amino  acids  within  this 
region  by  analysis  of  deletion  subclones  of  the  meningococ¬ 
cal  hiz  gene  and  by  analysis  of  MAb  binding  to  synthetic 
peptides  (17).  Thus,  the  epitope  for  binding  of  the  H.8  MAb 
is  linear  and  is  not  dependent  on  the  covalent  lipid  modifi¬ 
cation  of  the  protein.  There  is  little  or  no  visible  Laz  signal 
when  Western  immunoblots  of  gonococci  or  meningococci 
are  probed  with  the  H.8  MAb.  suggesting  that  the  binding  of 
the  MAb  to  Laz  is  below  the  Ih'cshold  of  de.ection  by  this 
technique  (11;  Wciods  et  al..  in  press).  The  presence  of  the 
H.8  epitope  on  Laz  was  revealed  only  when  the  genes  were 
cloned  on  plasmid  (17)  or  bacteriophage  (11)  vectors,  thus 
amplifying  signal  intensity. 

(iii)  The  remainder  of  the  Laz  protein  (127  amino  acids) 
has  striking  similarity  to  the  sequence  of  azurins.  which  are 
small,  blue,  copper-containing  proteins  that  are  believed  to 
function  in  electron  transport  during  respiration  (10.  16.  25. 
26).  Azurins  from  Psciidomoitds.  Akalifieiu’.'i.  and  Borde- 
tclld  species  show  considerable  amino  acid  sequence  homol¬ 
ogy,  including  48  of  129  amino  acids  that  are  completely 
conserved  among  nine  sequenced  azurins  (26).  When  the  127 
C-terminal  acids  of  Laz  are  compared  with  a  composite 
azurin  sequence.  77'rf  of  the  amino  acids  are  homologous.  Of 
the  48  conserved  azurin  amino  acids.  42  (8891)  are  identical 
in  the  predicted  Laz  protein,  including  the  4  azurio  amino 
acids  forming  the  copper-binding  site  (22).  The  azurins  from 
other  bacterial  genera  are  not  lipoproteins  and  do  not  have 
the  39-amino-acid  N-terminal  domain  that  is  present  in  the 
neisserial  Laz  protein  (9,  25.  26). 

In  addition  to  DNA  sequence  similari'y.  there  is  other 
evidence  confirming  the  similarity  of  tne  neisserial  Laz 
protein  to  azurins.  Gonococcal  Laz  has  been  purified  from 
an  E.  coli  lysogen  containing  the  eloped  Uiz  gene,  and  the 
spectral  characteristics  of  the  resulting  blue  protein  are  the 
same  as  those  reported  for  conventional  azurins  (E.  Got¬ 
schlich.  personal  communication).  Also,  the  gonococcal  and 
meningococcal  Laz  proteins  cross-react  with  antiserum  to 
purified  Pseudomonds  azurin.  Commensal  Neisseria  species 
also  produce  an  azurinlike  protein  recognized  by  the  anti- 
azurin  serum.  The  characteristics  of  the  azurins  from  com¬ 
mensal  species  have  not  been  completely  determined,  but 
the  proteins  may  differ  in  some  features  from  the  Laz  of  the 
pathogens  (Woods  et  al..  in  press). 
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Whut  is  the  function  of  the  Laz  protein'.’  In  other  bacterial 
genera,  azurins  function  in  electron  transfer,  most  probably 
between  cytochrome  and  cytochrome  oxidase  (10.  25), 
Gotschlich  ;ind  Seiff  (12)  suggested  that  the  azurinlike  do¬ 
main  of  Laz  might  function  in  electron  transport  during 
anaerobic  growth  of  gonococci  or  meningococci,  which  can 
occur  if  nitrite  is  provided  as  a  terminal  electron  acceptor 
118).  If  the  Laz  protein  does  play  such  a  role,  a  mutant 
lacking  Laz  might  be  expected  to  be  unable  to  grow  under 
anaerobic  conditions.  Gotschlich  has  constructed  such  a 
mutant  of  gonococcal  strain  F62  by  insertionally  inactivating 
the  cloned  la:  gene  and  introducing  the  mutated  gene  by 
transformation  into  the  gonococcus.  The  Laz  mutants  grow- 
under  both  aerobic  and  anaerobic  conditions  in  the  presence 
of  nitrite  (Gotschlich.  personal  communication).  It  is  still 
possible  that  Laz  functions  in  electron  transport  via  a 
pathway  that  has  not  yet  been  identified  in  gonococci  or 
meningococci.  Since  both  pathogenic  and  commensal  Neis¬ 
seria  species  produce  Laz  or  a  protein  similar  to  it,  it  seems 
unlikely  that  Laz  will  have  a  specific  role  in  enhancing  the 
virulence  of  gonococci  and  meningococc  i. 

H.8  OUTER  MEMBRANE  PROTEIN  (Lip) 

When  gonococcal  or  meningococcal  outer  membrane 
preparations  are  subjected  to  sodium  dodecyl  sulfate-poly¬ 
acrylamide  gel  electrophoresis  and  probed  with  H, 8-specific 
MAbs  in  a  Western  blot,  a  MAb-binding  band  with  unusual 
electrophoretic  characteristics  is  observed.  On  one-dimen¬ 
sional  gels,  the  antigen  forms  a  cone-shaped  band  with  an 
apparent  molecular  mass  ranging  from  18  to  30  kilodaltons 
(8,  14.  17).  On  two-dimensional  gels,  the  antigen  migrates 
away  from  diagonal  (14).  The  protein  responsible  for  this 
M.Ab-binding  signal,  designated  the  H.8  outer  membrane 
protein.  H.8  antigen,  or  Lip  (for  lipoprotein),  does  not  stain 
with  Coomassie  blue  and  stains  with  silver  only  under  some 
conditions  (2,  8.  14).  The  apparent  molecular  mass  of  Lip 
varies  in  diflerent  strains,  but  appears  to  be  constant  within 
a  single  gonococcal  or  meningococcal  strain  (8,  14). 

Tw'o  different  methods  for  the  purification  of  Lip  have 
been  published.  Strittmatter  and  Hitchcock  (28)  used  phe¬ 
nol-chloroform-petroleum  ether  extraction  of  gonococci,  fol¬ 
lowed  by  several  chromatographic  steps,  to  obtain  purified 
Lip.  The  protein  copurifies  with  two  lipid  components,  is 
alanine  and  proline  rich,  and  lacks  aromatic  amino  acids  and 
methionine.  Bhattacharjee  et  al.  (2)  purified  meningococcal 
Lip  by  Empigen  BB  extraction  and  high-performance  liquid 
chromatography.  The  purified  protein  is  rich  in  glutamate, 
alanine,  and  proline  and  contains  a  lipid  component  that 
elutes  between  C,,  and  Cn  straight-chain  fatty  acid  standards 
in  the  gas  chromatograph.  The  unusual  amino  acid  compo¬ 
sition  of  the  protein  is  consistent  with  its  lack  of  absorbance 
at  280  nm  (2.  28).  The  pattern  of  biosynthetic  labeling  of  Lip 
with  radiolabeled  amino  acids  and  fatty  acids  is  consistent 
with  the  composition  determined  for  purified  Lip  protein  (W. 
Baehr,  E.  C.  Gotschlich,  and  P.  J.  Hitchcock,  Mol.  Micro¬ 
biol..  in  press). 

Recent  studies  on  the  cloning  and  sequencing  of  gonococ¬ 
cal  lip  genes  have  clarified  the  structure  of  this  unusual 
protein.  G  tschlich  et  al.  (11)  produced  two  different  \gtll 
clones  cot.taining  the  lip  gene  of  gonococcal  strain  RIO.  and 
those  clones  have  been  sequenced  (Baehr  et  al..  in  press). 
The  tip  gene  from  strain  FA  1090  was  cloned  in  a  lambda 
bacteriophage  vector  (5)  and  sequenced  by  Woods  et  al. 
(J.  P.  Woods.  S.  M.  .Spinola,  .S.  M.  Strobel.  and  J.  G.  Can¬ 
non.  Mol.  Microbiol,,  in  press).  The  DNA  sequence  of  the 
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lip  gene  in  the  two  strains  is  quite  similar.  In  each  case,  the 
DNA  sequence  predicts  that  Lip  is  a  lipoprotein,  with  a 
lipoprotein  signal  peptide-processing  site  like  (hat  of  the  Laz 
protein.  The  N-terminal  amino  acid  of  mature  Lip  protein  in 
both  strains  is  a  cysteine  residue.  In  FA1()9(),  the  predicted 
protein  is  71  amino  acids  in  length,  composed  entirely  of  13 
repeats  of  the  AAEAP  consensus  sequence  that  was  also 
found  in  the  epitope-encoding  region  of  Laz  (12,  17).  Perfect 
five-residue  periodicity  is  maintained  throughout  the  protein. 
Seven  of  the  repeats  match  the  consensus  sequence  exactly, 
five  have  single  amino  acid  substitutions,  and  one  has  two 
amino  acid  substitutions.  Only  six  of  the  amino  acids  in  the 
mature  protein  are  not  included  in  the  repetitive  sequence. 
In  strain  RIO.  the  predicted  protein  is  76  amino  acids  long, 
consisting  of  14  AAEAP  repeats.  Ten  of  the  repeats  are 
pciTect.  It  is  possible  that  dilferences  in  the  number  of 
AAEAP  repeals  contribute  to  the  differences  in  apparent 
molecular  mass  of  Lip  in  different  strains.  Despite  the  high 
proline  content  of  the  protein,  the  predicted  secondary 
structure  is  u-helical.  The  predicted  molecular  mass  of  the 
polypeptide  portion  of  FA109()  Lip  is  6.3  kilodaltons  but  the 
protein  migrates  on  sodium  dodecyl  sulfate-polyacrylamide 
gel  electrophoresis  with  an  apparent  molecular  mass  of  20 
kilodaltons.  The  aberrant  migration  of  the  protein  may  be 
due  to  its  lipid  modification  or  to  its  unusual  amino  acid 
composition  and  repeating  stiucture.  The  sequence  of  a 
meningococcal  lip  gene  has  not  yet  been  determined. 

Although  Lip  is  noteworthy  in  the  perfect  conservation  of 
most  of  the  AAEAP  repeats,  there  are  other  microbial 
proteins  with  similar  repetitive  motifs.  Streptococcal  M 
protein  contains  imperfect  heptapeptide  repeats  making  up 
part  of  the  protein.  The  repetitive  nature  of  this  region  is 
important  in  formation  of  an  a-helical  coiled-coil  structure 
and  in  the  antiphagocytic  function  of  the  protein  (19.  23). 
Another  protein  with  a  repetitive  structure  is  the  major 
lipoprotein  (Lpp)  of  £.  eoli.  which  has  several  intriguing 
similarities  to  gonococcal  Lip.  In  both  proteins,  the  polypep¬ 
tide  is  relatively  small  (58  amino  acids  for  Lpp)  and  has  an 
N-terminal  cysteine  and  a  C-terminal  lysine  residue  (21,  30). 
The  linkage  of  Lpp  to  peptidoglycan  is  through  the  f-amino 
group  of  the  C-terminal  lysine  (7).  In  Lpp.  a  seven-amino- 
acid  periodicity  is  important  in  the  formation  of  the  charac¬ 
teristic  coiled-coil  structure  of  the  protein  (6.  20).  The 
seven-amino-acid  repeats  in  the  E.  coli  Lpp  are  not  as  highly 
conserved  as  the  AAEAP  repeats  in  Lip.  It  is  not  known 
whether  Lip  serves  a  structural  role  in  the  outer  membrane 
similar  to  that  of  Lpp  or  whether  it  is  peptidoglycan  associ¬ 
ated  under  some  or  all  growth  conditions. 

ROLE  OF  H.8  (Lip)  IN  NEISSERIAL  PATHOGENESIS 
AND  IMMUNITY 

The  association  of  the  H.8  epitope  with  the  pathogenic 
Neisseria  species  has  led  to  speculation  that  the  antigens 
bearing  it  might  be  involved  in  neisserial  pathogenesis  or  that 
they  might  be  effective  as  components  of  a  vaccine  for 
prevention  of  gonococcal  or  meningococcal  disease.  The 
majority  of  H.8  MAb  binding  is  to  the  Lip  protein,  which 
consists  essentially  of  a  repeating  H.8  epitope.  There  are 
conflicting  data  about  whether  the  epitope  recognized  by  the 
MAb  is  exposed  on  the  surface  of  intact,  viable  organisms. 
For  gonococci,  experiments  involving  adsorption  of  MAb 
from  solution  (8).  fluorescent-antibody  labeling  (14).  slide 
agglutination  (14),  and  immunoelectron  microscopy  (14) 
have  been  interpreted  as  evidence  for  surface  exposure. 
However,  other  studies  involving  immunoelectron  micros- 
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copy  (24)  showed  that  the  majority  oC organisms  do  not  mark 
with  gold-conjugated  MAb.  although  outer  membrane  blebs 
label  heavily.  In  any  of  these  studies,  the  apparent  surface 
exposure  of  the  target  epitope  could  be  influenced  by  the 
conditions  used  for  preparation  and  fixation  of  the  cells,  and 
it  is  difficult  to  draw  firm  conclusions  about  this  issue.  Lip  is 
immunogenic  in  patients  with  localized  or  disseminated 
gonococcal  infections  (.3,  4,  13)  and  in  patients  with  menin¬ 
gococcal  disease  (3).  It  is  not  known  whether  an  antibody 
response  directed  at  Lip  would  protect  against  infection.  In 
the  mouse  model  of  meningococcal  infection.  MAb  specific 
for  Lip  was  not  protective  (29).  However,  the  MAb  used  in 
those  experiments  was  not  bactericidal,  leaving  the  possibil¬ 
ity  open  that  a  cidal  Lip-specific  MAb  would  be  protective. 
Also,  Schweinie  et  al,  have  obtained  data  indicating  that 
M.Ab  10.  which  is  specific  for  the  H.8  epitope,  is  bactericidal 
and  opsonic  for  some  gonococcal  strains  (J.  E.  Schweinie. 
P.  J.  Hitchcock,  A.  J.  Tenner.  C.  H.  Hammer,  M.  M. 
Frank,  and  K.  A.  Joiner,  J.  Clin.  Invest.,  in  press). 

The  recent  construction  of  a  gonococcal  mutant  lacking 
the  Lip  protein  should  allow  better  determination  of  the  role 
of  this  protein  in  neisseria)  physiology  and  virulence  (Woods 
et  al..  in  press).  In  this  mutant,  the  gene  encoding  Lip  was 
insertionally  inactivated  by  using  the  shuttle  mutagenesis 
system  developed  for  gonococci  by  Seifert  et  al.  (27).  The 
Lip-less  mutant  shows  no  alteration  in  its  growth  rate  in  rich 
medium  and  is  unaltered  in  its  serum  resistance. 

It  may  be  necessary  to  reevaluate  the  available  data  about 
the  association  of  Lip  with  pathogenic  Neisseria  species  in 
light  of  recent  information  gained  about  the  structure  of  the 
protein.  When  commensal  Neisseria  species  are  probed  with 
H. 8-specific  MAbs  or  with  DNA  probes  derived  from  the  lip 
gene,  they  are  negative  for  MAb  binding  or  DNA  hybridiza¬ 
tion  (1.  5,  8).  However,  since  Lip  consists  only  of  repeats  of 
a  single  unit,  encoded  by  a  similarly  repeating  DNA  se¬ 
quence.  it  is  possible  that  commensal  Neisseria  species  have 
a  different  protein  with  a  slightly  different  repeat  unit.  Such 
a  protein  would  not  be  detected  by  the  MAb  and  DNA 
probes  derived  from  lip  of  the  pathogens.  The  association  of 
the  H.8  epitope  with  pathogenic  Neisseria  species  may  be  a 
reflection  of  clonal  relationships  among  Neisseria  species, 
rather  than  a  consequence  of  a  direct  role  of  the  protein  in 
pathogenesis.  The  question  of  the  role  of  Lip  in  gonococcal 
or  meningococcal  pathogenesis  is  still  open,  and  further 
experiments  are  needed  to  clarify  the  function  of  this  un¬ 
usual  lipoprotein  in  pathogenic  Neisseria  species. 

LITERATURE  CITED 

1.  Aho.  E.  L..  G.  L.  Murphy,  and  J.  G.  Cannon.  1987.  Distribution 
of  specific  DNA  sequences  among  pathogenic  and  commensal 
Neisseria  species.  Infect,  fmmun.  55;1(X)9-1()13. 

2.  Bhattacharjee,  A.  K.,  E.  E.  Moran,  J.  S.  Ray,  and  W.  D. 
Zollinger.  1988.  Purification  and  characterization  of  H  .8  antigen 
from  group  B  Neisseria  meninf-itidis.  Infect,  fmmun.  56:77.3- 
778. 

3.  Black,  J.  R.,  W.  J.  Black,  and  J.  G.  Cannon.  1985.  Neisserial 
antigen  H,8  is  immunogenic  in  patients  with  disseminated 
gonococcal  and  meningococcal  infections.  J,  Infect,  Dis.  151: 
650-657, 

4.  Black,  J.  R.,  M.  K.  Thompson,  J.  G.  Cannon,  C.  Lammel,  and 
G.  F.  BriMiks.  1988.  .Serum  immune  response  to  common  patho¬ 
genic  Neisseria  antigen  H.8  in  patients  with  uncomplicated 
gonococcal  infection  and  pelvic  inflammatory  disease,  p.  49.3- 
498.  hi  J.  T.  Poolman.  H,  C.  Zanen,  T.  F.  Meyer.  J.  E.  Heckels. 
P.  R.  H.  Makela.  H.  Smith,  and  L.  C.  Beuvery  (ed,),  GoniKOCci 
and  meningococci.  Kluwer  Academic  Publishers.  Dordrecht. 
The  Netherlands. 


5.  Black,  W.  J.,  and  J.  G.  Cannon.  1985.  Cloning  of  the  gene  for 
the  common  pathogenic  Neisseria  H.8  antigen  from  Neisseria 
fionorrhiteae .  Infect.  Immun.  47:322-325. 

6.  Braun,  V.,  and  V.  Bosch.  1972.  Repetitive  sequences  in  the 
nnirein-lipoprotein  of  the  cell  wall  of  Eseheriehia  eoli.  Proc. 
Natl.  Acad.  Sci.  USA  69:970-974. 

7.  Braun,  V..  and  U.  Sieglin.  1970.  The  covalent  murein-lipopro- 
lein  structure  of  the  Eselierieliia  co/i  cell  wall.  Eur.  J.  Biochem. 
l3:3.36-.346. 

8.  Cannon,  J.  G..  W.  Black.  I.  .Nachamkin,  and  P.  Stewart.  1985. 
Monoclonal  antibody  that  recognizes  an  outer  membrane  anti¬ 
gen  common  to  pathogenic  Neisseria  species  but  not  to  most 
nonpathogenic  Neisseria  species.  Infect.  Immun.  43:994-999. 

9.  Canters,  G.  W.  1987,  The  azurin  gene  from  Pseudomonas 
aenminosa  codes  for  a  pre-protein  with  a  signal  peptide,  FEBS 
Leu.  212:168-172. 

10.  F'arver,  O.,  and  I.  Pecht.  1984.  The  reactivity  of  copper  sites  in 
the  ■’blue''  copper  proteins,  p.  18.3-214.  In  R,  Lontie  (ed.l. 
Copper  proteins  and  copper  enzymes.  CRC  Press.  Inc..  Boca 
Raton.  FTa. 

11.  Gotschlich,  E.  C.,  M.  S.  Blake.  J.  M.  Koomey,  M.  SeilT.  and  A. 
Derman.  1986.  Cloning  of  the  structural  genes  of  three  H.8 
antigens  and  of  protein  III  of  Neisseria  f’onorriioeae.  J.  Fixp. 
Med.  164:868-881. 

12.  Gotschlich,  E.  C.,  and  M.  E.  .Seiff.  1987.  Identification  and  gene 
structure  of  an  azurin-like  protein  with  a  lipoprotein  signal 
peptide  in  Neisseria  fionorrhoeae .  FEMS  Microbiol.  Lett.  43: 
25.3-255. 

13.  Hicks.  C.  B..  J.  W.  Boslego,  and  B.  Brandt.  1987.  Evidence  of 
serum  antibodies  to  Neisseria  aonorrhoeae  before  gonococctil 
infection.  J.  Infect.  Dis.  155:1276-1281. 

14.  Hitchcock,  P.,  S.  Hayes,  L.  Mayer,  W.  Schafer,  and  S.  Tessier. 
1985.  Analysis  of  the  gonococcal  H.8  antigen;  surface  location, 
inter-  and  intra-strain  electrophoretic  heterogeneity  and  unusual 
two-dimensional  electrophoretic  characteristics,  j.  Exp.  Med. 
162:2017-2034. 

15.  Hussain,  M.,  S.  Ichihara,  and  S.  Mizushima.  1980.  Accumula¬ 
tion  of  glyceride-containing  precursor  of  the  outer  membrane 
lipoprotein  in  the  cytoplasmic  membrane  of  Escherichia  coli 
treated  with  globomycin.  J.  Biol.  Chem.  255:3707-3712. 

16.  Kakutani,  T.,  H.  Watanabe,  K.  Arima,  and  T.  Beppu.  1981.  A 
blue  protein  as  an  inactivating  factor  for  nitrite  reductase  from 
Alcalifienes  faecalis  strain  S-6.  J.  Biochem.  89:463-472. 

17.  Kawula,  T.  H..  S.  M.  .Spinola,  D.  G.  Klapper,  and  J.  G.  Cannon. 
1987.  Localization  of  a  conserved  epitope  and  an  azurin-like 
domain  in  the  H,8  protein  of  pathogenic  Neisseria.  Mol.  Micro¬ 
biol.  1:179-185. 

18.  Knapp,  J.  S.,  and  V.  L.  Clark.  1984.  Anaerobic  growth  of 
Neisseria  fronorrhoeae  coupled  to  nitrile  reduction.  Infect. 
Immun.  46:176-181. 

19.  Manjula,  B.  N.,  and  V.  A.  Fischetti.  1980.  Tropomyosin-like 
seven  residue  periodicity  in  three  immunologically  distinct 
streptococcal  M  proteins  and  its  implications  for  the  antiphago¬ 
cytic  property  of  the  molecule.  J.  Exp.  Med.  15l:69.‘'-708. 

20.  McLachlan,  A.  D.  1978.  The  double  helix  coiled  coil  structure  of 
murein  lipoprotein  from  Escherichia  coli.  J.  Mol.  Biol.  122: 
493-506. 

21.  Mizushima,  S.  1984.  Post-translational  modification  and  proc¬ 
essing  of  outer  membrane  prolipoproleins  in  Escherichia  coli. 
Mol.  Cell,  Biochem.  60:,5-15. 

22.  Norris,  G.  E.,  B.  F.  Anderson,  and  E.  N.  Baker.  1983.  Structure 
of  azurin  from  Alcalif’enes  denilrificans  at  2.5  angstrom  resolu¬ 
tion,  J.  Mol.  Biol.  I65:.501-521. 

23.  Phillips,  G.  N.,  Jr.,  P.  F'.  Flicker,  C.  Cohen,  B.  N.  Maiyula,  and 
V.  A.  FTschetti.  1981.  Streptococcal  M  protein:  o-helical  coiled- 
coil  structure  and  arrangement  on  the  cell  surface.  Proc.  Nall. 
Acad,  Sci,  USA  78:4689-4693. 

24.  Robinson,  E.  N.,  Jr.,  Z.  A.  McGee,  T.  M.  Buchanan,  M.  S. 
Blake,  and  P.  J.  Hitchcock.  1987.  Probing  the  surface  of  Neis¬ 
seria  fionorrhoeae'.  simultaneous  localization  of  protein  1  and 
H.8  antigens.  Infect.  Immun.  55:1190-1197, 

25.  Ryden,  L.  1984.  Structure  and  evolution  of  the  small  blue 
proteins,  p.  157-182.  In  R.  Lontie  (ed,).  Copper  proteins  and 


S4 


CANNON 


Clin.  Microbiol.  Rev. 


copper  enzymes.  CRC  Press,  Inc.,  Boca  Raton.  Fla. 

26.  Ryden,  L.,  and  J.-O.  Lundgren.  1976.  Homology  relationships 
among  the  small  blue  proteins.  Nature  (London)  261:344-346. 

27.  Seifert,  H.  S.,  M.  So,  and  F.  Heffron.  1986.  Shuttle  mutagenesis: 
a  method  of  introducing  transposons  into  transformable  organ¬ 
isms.  p.  123-134.  In  J.  K.  Setlow  and  A.  Hollaender  (ed.). 
Genetic  engineering,  principles  and  methods.  Plenum  Publish¬ 
ing  Corp..  New  York. 

28.  Strittmatter,  3V.,  and  P.  J.  Hitchcock.  1986.  Isolation  and 
preliminary  biochemical  characterization  of  the  gonococcal  H.8 
antigen.  J.  Exp.  Med.  164:2038-2048. 

29.  Woods,  J.  P.,  J.  R.  Black,  D.  S.  Barritt,  T.  D.  Connell,  and  J.  G. 
Cannon.  1987.  Resistance  to  meningococcemia  apparently  con¬ 


ferred  by  anti-H.8  monoclonal  antibody  is  due  to  contaminating 
endotoxin  and  not  to  specific  immunoprotection.  Infect.  Im- 
mun.  55:1927-1928. 

30.  Wu,  H.  1987.  Posttranslational  modification  and  processing  of 
membrane  proteins  in  bacteria,  p.  37-71.  In  M.  Inouye  (ed.). 
Bacterial  outer  membranes  as  model  systems.  John  Wiley  & 
Sons.  Inc..  New  York. 

31.  Zollinger,  W.,  J.  Ray,  E.  Moran,  and  R.  Seid.  198$.  Identifica¬ 
tion  by  monoclonal  antibody  of  an  antigen  common  to  the 
pathogenic  Neisseria  species,  p.  579-584.  In  G.  Schoolnik, 
G.  F.  Brooks,  S.  Falkow,  C.  E,  Frasch,  J.  S.  Knapp,  J.  A. 
McCutchan,  and  S,  A.  Morse  (ed.).  The  pathogenic  neisseriae. 
American  Society  for  Microbiology.  Washington.  D.C. 


Cl  iNiC  Al  Mi(  ROBioi  OGY  Rt  vih  ws,  Apr.  19S9.  p.  S.‘i-SU) 
089,V«5 1 :  89/()S(X)S5-()6.$(): .  (KM) 

Copyright  r  1989.  .American  Society  for  Microbiology 


Vol.  2.  Suppl. 


Humoral  Immune  Response  to  Gonococcal  Infections 

G.  F.  BROOKS*  AND  CLAUDIA  J.  LAMMEL 
Deporiment  oj  Luhoratnry  Medicine,  Universily  t>l' California,  San  Francisco,  California  94143 


The  purpose  of  this  paper  is  to  review  the  recent  advances 
in  the  knowledge  of  humoral  immune  responses  to  gonococ¬ 
cal  infections  in  humans.  The  current  knowledge  of  the 
molecular  biology  of  Neisseria  ponorriioeae,  including 
knowledge  of  antigen  structure  and  mechanisms  that  yield 
antigenic  heterogeneity,  has  outstripped  the  current  knowl¬ 
edge  of  immune  responses  to  the  gonococcal  antigens. 
Although  it  is  clear  that  patients  with  uncomplicated  infec¬ 
tions  develop  increased  levels  of  serum  antigonococcal 
immunoglobulins,  it  is  also  evident  that  because  of  the  new 
knowledge  about  antigenic  heterogeneity,  generalized  inter¬ 
pretation  of  results  from  early  studies  often  is  not  appropri¬ 
ate.  Antibodies  that  are  reactive  with  a  given  gonococcal 
antigen  may  not  react  at  all  with  the  same  antigen  from 
another  strain  of  N.  ponorrlweae.  Thus,  in  this  review  we 
emphasize  data  that  have  taken  into  account  the  antigenic 
heterogeneity  or  have  included  conserved  antigens  of  the 
gonococcus. 

SERUM  ANTIBODY  RESPONSE  IN  GONOCOCCAL 
INFECTION 

Immunoglobulin  Class 

In  the  late  1960s,  several  studies  of  natural  serum  antibod¬ 
ies  reactive  with  N.  gonorrhoeae  and  other  gram-negative 
organisms  were  reported  (14-17).  Indirect  fluorescent-an¬ 
tibody  assays  were  used  and  showed  reactive  immunoglob¬ 
ulin  G  (IgG)  in  adult  sera  and  in  umbilical-cord  sera.  Less 
IgM  that  was  reactive  and  relatively  little  reactive  IgA  were 
found  in  the  sera  from  adults.  The  IgG  in  immune  sera  could 
be  distinguished  from  naturally  occurring  IgG  antibodies  by 
reaction  with  heat-labile  gonococcal  antigens  (14).  Similarly, 
9  of  10  men  with  experimental  gonococcal  urethritis  devel¬ 
oped  significant  increases  in  reactive  IgG  levels  in  serum 
(15);  fewer  of  the  patients  showed  increased  levels  of  reac¬ 
tive  IgM  or  IgA.  Serum  IgA  reactive  with  N.  ponorrhoeae 
probably  is  secretory,  implying  that  mucosal  cells  are  the 
origin  of  the  antibody  (22). 

lgG3  is  the  predominant  IgG  subclass  reactive  with  a 
variety  of  gonococcal  antigens,  followed  by  IgGl  and  IgG4 
(34).  There  is  minimal  IgG2  reactive  with  gonococcal  anti¬ 
gens  following  infection,  suggesting  that  polysaccharides  are 
not  important  in  the  immune  response  to  gonorrhea. 

Antigen  Specificity 

Antigenic  heterogeneity  is  a  major  consideration  when 
studying  humoral  immunity  in  gonococcal  infection.  Pili. 
protein  II  (PII),  and  lipooligosaccharide  (LOS)  are  the  most 
important  antigens,  quantitatively,  in  generating  antibody 
responses  in  gonococcal  infection.  These  three  antigens  shift 
from  one  antigenic  form  to  another  at  a  frequency  of  1  in  10\ 
or  greater.  Because  of  the  rapid  shifting  from  one  antigenic 
form  to  another,  nearly  every  strain  of  N.  f^onrrrhoeae  may 
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be  antigenically  distinct.  Indeed,  it  is  possible  that  each 
gonococcus  has  the  potential  to  be  antigenically  distinct 
from  its  neighbors.  The  molecular  biology  of  pili  (25a). 
protein  I  (PI)  (28a).  PII  (42a).  protein  III  (PHI)  (7a).  and  H.8 
(12a)  is  discussed  elsewhere  in  this  issue.  Humoral  immunity 
related  to  these  antigens  is  discussed  below. 

Pili.  Pili  are  the  hairlike  appendages  that  extend  from  the 
gonococcal  cell  surface  and  are  thought  to  function  in  the 
attachment  of  gonococci  to  host  cells.  Soon  after  the  de¬ 
scription  of  gonococcal  pili  in  1971,  it  was  noted  that  patients 
make  antibodies  against  pili,  as  measured  by  using  pili  from 
a  laboratory  strain  of  N.  ponorrhocae  as  the  test  antigen 
(12).  The  observations  were  repeated  by  several  investiga¬ 
tors.  One  study  noted  that  there  were  differences  in  the 
antibody  levels  between  men  and  women,  although  there 
was  some  overlap:  the  antibody  levels  were  related  to  the 
number  of  previous  gonococcal  infections,  but.  again,  there 
was  a  great  deal  of  overlap;  and  black  Americans  tended  to 
have  different  levels  from  those  of  white  Americans  (20). 
Thus,  gonococcal  pili  have  not  proven  to  be  a  useful  reagent 
in  development  of  a  serological  test  to  diagnose  gonorrhea. 

It  is  clear  that  patients  make  antibodies  against  the  pili  of 
the  infecting  gonococcal  strain  (36).  In  women,  pili  appeared 
to  be  the  predominant  antigen  in  the  immune  response.  In 
men.  there  were  higher  levels  of  antibodies  to  other  antigens 
than  pili. 

One  consideration  of  humoral  immunity  to  pili  was  that 
antibodies  against  pili  blocked  the  pilus-mediated  attach¬ 
ment  to  host  cells  (8,  59).  A  vaccine  was  developed  by  using 
pili  from  a  laboratory  strain  of  N.  gonorriioeae  (8.  59).  but  a 
field  trial  of  the  vaccine  showed  it  not  to  be  efficacious  (J. 
Boslego,  R.  Chung,  J.  SadoflT.  D.  McChesney.  M.  Piziak,  J. 
Ciak,  J.  Brown.  W.  Caldwell.  D.  Berliner.  G.  Seitter.  C. 
Brinton,  and  E.  Tramont.  Program  Abstr.  24th  Intersci. 
Conf.  Antimicrob.  Agents  Chemother.,  abstr.  no.  294, 1984). 
Thus,  although  there  is  a  strong  humoral  immune  response 
to  gonococcal  pili,  the  antigenic  heterogeneity  of  the  pilin 
molecule  makes  development  of  a  useful  pilus  vaccine 
difficult.  Antibodies  against  synthetic  peptides  representing 
conserved  regions  of  the  pilin  molecule  appear  to  have 
biological  activity  in  blocking  the  pilus-mediated  attachment 
of  gonococci  to  host  cells  (48);  however,  persons  immunized 
with  a  gonococcal  pilus  vaccine  lack  antibodies  against  such 
synthetic  peptides  (R.  Chung,  C.  Liu.  J.  Boslego.  E.  Tra¬ 
mont,  S.  Wood,  and  C.  Brinton,  Abstr.  Annu.  Meet.  Am. 
Soc.  Microbiol.  1986,  B5,  p.  25).  To  date,  there  are  no  data 
on  the  human  immune  response  to  immunization  with  syn¬ 
thetic  peptides  representing  gonococcal  antigens. 

PI.  PI  is  a  major  component  of  the  gonococcal  outer 
membrane  and  may  have  an  important  role  in  the  pathogen¬ 
esis  of  infection  by  insertion  into  the  host  cell  membrane  (7, 
13).  PI  is  antigenically  conserved  in  each  strain  of  N. 
ftonorrhocae  but  variable  from  one  strain  to  another.  There 
are  two  primary  types.  PIA  and  PIB,  each  having  multiple 
serotypes  (32.  33.  49).  PIA  strains  are  usually  resistant  to  the 
bactericidal  action  of  normal  human  serum,  whereas  PIB 
strains  often  are  susceptible  (29,  32). 
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Patients  with  uncomplicated  gonococcal  genital  infection, 
pelvic  inflammatory  disease,  or  disseminated  infection  have 
delectable  serum  antibodies  reactive  with  PI  (27.  28.  36). 
The  anti-PI  antibodies  may  he  bactericidal  for  the  gonococci 
(27).  The  antibody  response  to  PI.  however,  is  minimal  when 
compared  with  the  response  to  pili.  Pll.  and  LOS.  especially 
given  the  large  amount  of  PI  in  the  gonococcal  outer  mem¬ 
brane. 

PH.  Plls  are  variably  expressed  surface-exposed  gonococ¬ 
cal  proteins  (3.  18.  .s6).  At  any  one  time  a  gonococcal  strain 
may  have  no.  one.  two.  or  many  Plls  in  the  outer  membrane. 

Pll  is  one  of  the  most  important  antigens  in  the  humoral 
immune  response  to  gonococcal  infection  in  both  men  and 
women  (36).  Men  and  women  infected  with  the  same  strain 
of  .V.  iiitnorrhovcw.  however,  may  have  different  immune 
responses  to  a  specific  Pll  or  may  develop  antibodies  to 
dift'erent  Plls  (35).  A  biological  role  foranti-PII  antibodies  in 
gonococcal  infection  is  undefined.  One  possible  role  is  that 
by  shifting  expression  of  Pll.  gonococci  may  evade  the 
immune  system  of  the  host. 

Pill.  Pill  is  a  protein  that  is  antigenically  conserved  in  all 
gonococci.  Pill  is  closely  associated  with  PI  in  the  outer 
membrane,  but  a  specific  function  for  Pill  is  not  known. 

Patients  with  gonococcal  infection  make  small  amounts  of 
antibody  to  Pill  (36).  Whether  there  is  any  biological  role  for 
these  antibodies  in  protection  from  infection  is  unknown.  It 
has  been  demonstrated,  however,  that  IgG  reactive  with  Pill 
blocks  the  serum  bactericidal  action  in  disseminated  gono¬ 
coccal  infection  (47). 

LOS.  The  LOS  of  gonococci  is  a  relatively  small  form  of 
bacterial  endotoxin  with  molecular  weights  of  3.2(KI  to  7,1(8) 
(24.  51),  Each  gonococcal  strain  can  express  several  dif¬ 
ferent  antigenic  forms  of  LOS  at  one  time  and  can  very 
rapidly  switch  from  one  antigenic  form  to  another  (38,  52). 
The  LOS  appears  to  be  tightly  associated  with  outer  mem¬ 
brane  proteins  1  and  II  (7.  26).  Gonococcal  LOS  also  has 
structures  that  are  immunochemically  similar  to  structures 
on  human  erythrocyte  membranes  (39).  Because  of  its  anti¬ 
genic  diversity  and  structure,  association  with  outer  mem¬ 
brane  proteins,  and  endotoxic  activity,  gonococcal  LOS  has 
an  important  role  in  the  immunology  of  gonorrhea. 

Genital  infection  with  N .  ^ononhoeae  elicits  serum  anti- 
LOS  antibody  directed  against  the  LOS  of  the  infecting 
strain  (28.  36).  Not  all  patients  have  serum  antibody  directed 
against  the  LOS  present  after  subculture  of  the  infecting 
strain,  perhaps  because  of  shifting  of  the  antigenic  forms  of 
LOS  on  subculture.  Patients  do  have  more  antibody  against 
the  LOS  of  their  infecting  strains  than  against  the  LOS  of 
laboratory  strains  (1),  Disseminated  gonococcal  infection 
elicits  higher  levels  of  anti-LOS  antibody  than  genital  infec¬ 
tion  does  (37). 

Antibody  against  LOS  has  several  important  functions  in 
gonococcal  infection.  Antibody  can  activate  complement 
through  the  classical  or  alternative  complement  pathways 
and  can  be  chemotaxic  for  polymorphonuclear  cells  (19,  25). 
IgM  and  IgG  directed  against  LOS  can  be  bactericidal  for 
gonococci;  IgA  can  block  the  IgG-mediated  bactericidal 
activity  (2).  Gonococci  can  express  at  least  one  antigenic 
form  that  confers  resistance  to  the  bactericidal  action  of 
normal  human  serum  (50.  54);  antibody  to  this  form  of  LOS 
can  be  bacteiicidal,  but  that  antibody  is  seldom  present  in 
human  serum. 

H.8.  H.8  is  a  distinctive  antigen  common  to  the  pathogenic 
neisseriae  (23.  57).  Patients  with  uncomplicated  genital 
gonococcal  infection,  pelvic  inflammatory  disease,  or  dis¬ 
seminated  infection  make  antibodies  against  H.8  (4,  5,  36).  It 


is  also  evident  that  antibodies  against  H.8  do  not  protect  the 
host  from  uncomplicated  genital  infections,  since  patients 
can  have  repciitcd  infection  when  anii-H,8  antibodies  are 
present. 

IgAl  protease.  I'he  pathogenic  Nci.wcria  spp.  produce 
extracellular  IgAl  protease,  which  cleaves  IgAl  and  inacti¬ 
vates  it  (55).  In  preliminary  observations  it  was  found  (hat 
only  8  of  48  patients  with  uncomplicated  gonococcal  infec¬ 
tion.  gonococcal  pelvic  inflammatory  disease,  or  dissemi¬ 
nated  gonococcal  infection  developed  antibodies  reactive 
with  gonococcal  IgAl  protease;  this  incidence  was  no  dif¬ 
ferent  than  the  one  for  uninfected  controls  (C.  J.  Lammel. 
M.  S.  Blake.  W.  D.  Zollinger,  E.  W.  Hook  III.  and  G.  F. 
Brooks.  Program  Abstr.  28th  Intersci.  Conf.  Antimicrob. 
Agents  Chemother..  abstr.  no.  195.  1988).  In  contrast,  (he 
majority  of  patients  w  ith  meningococcal  disease  or  nasopha¬ 
ryngeal  carriage  had  antibodies  reactive  with  meningococcal 
IgAl  protease,  and  these  antibodies  were  cross-reactive  with 
the  gonococcal  IgAl  protease.  Serum  IgG  reactive  with 
meningococcal  IgAl  protease  inhibited  the  activity  of  both 
the  meningococcal  and  gonococcal  proteases. 

MIRP.  The  pathogenic  Neisseria  spp.  make  several  iron- 
regulated  proteins  under  conditions  of  limited  iron  such  as 
those  that  exist  in  the  human  host.  One  of  these  proteins, 
major  iron-regulated  protein  (MIRP).  is  conserved  among 
the  pathogenic  Neisseria  spp.  Patients  with  uncomplicated 
gonococcal  infection,  pelvic  inflammatory  disease,  or  dis¬ 
seminated  infection  had  serum  antibodies  reactive  with 
MIRP  and  showed  moderate  to  high  levels  of  reactive  IgG 
and  IgM  and  low  levels  of  reactive  IgA  (21.  43).  Reactive 
immunoglobulin  levels  were  higher  in  patients  with  previous 
gonococcal  infections  and  also  increased  when  repeated 
infections  occurred  during  the  study.  The  results  indicate 
that  the  iron-regulated  protein  is  expressed  in  vivo.  Patients 
with  anti-MIRP  serum  immunoglobulins  had  repeated  un¬ 
complicated  genital  infections,  and.  hence,  the  serum  anti¬ 
bodies  were  not  protective  for  genital  infection.  A  possible 
role  for  anti-MIRP  antibodies  in  modifying  or  preventing 
gonococcal  pelvic  inflammatory  disease  is  unknown. 

Others.  Several  other  antigens  may  be  important  in  the 
humoral  immune  response  to  gonococcal  infection.  The 
outer  membrane  protein-macromolecular  complex  partici¬ 
pates  in  the  bactericidal  activity  of  immune  rabbit  serum.  We 
are  not  aware  of  published  data  on  the  human  immune 
response  to  this  complex.  Patients  with  gonococcal  infection 
make  antibodies  against  proteins  in  the  46-  to  48-  and  54-  to 
.‘'8-kilodalion  ranges  and  a  variety  of  undefined  higher- 
molecular-mass  antigens  (36);  the  role  of  antibodies  against 
these  antigens  is  undefined. 

HUMAN  MUCOSAL  ANTIBODY  RESPONSE  IN 
GONOCOCCAL  INFECTION 

There  are  considerably  fewer  data  on  the  genital  antibody 
response  in  gonococcal  infection  than  on  the  serum  antibody 
response.  This  is  particularly  true  with  respect  to  specific 
gonococcal  antigens. 

Immunoglobulin  Class 

Studies  of  women  have  provided  the  most  useful  data  on 
mucosal  antibody  response  in  gonococcal  infection.  Investi¬ 
gators  commonly  used  fluorescent-antibody  techniques  and 
a  laboratory  strain  of  N.  i;oiwrrhoeae  and  looked  for  reac¬ 
tive  IgA  and  IgG.  In  one  study  of  six  women  with  gonococ¬ 
cal  cervicitis,  the  concentrations  of  vaginal-wash  IgA  were 
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higher  than  the  eoneentrations  in  uninfected  controls  (44(. 
The  titers  of  antigonococcal  IgA  were  high  at  the  time  of 
infection,  often  higher  than  in  serum;  after  treatment,  the 
IgA  levels  rapidly  returned  to  normal  (44,  60).  One  study  of 
cervical  secretions  from  15  women  with  uncomplicated 
gonorrhea  (UGC)  showed  antigonococcal  IgG  in  97'7f  of  the 
subjects,  IgA  in  ')5'{.  and  IgM  in  .^9'/?;  antigonococcal  IgG 
was  found  in  the  cervical  secretions  of  55'/r  of  70  women 
who  were  not  infected;  no  antigonococcal  IgA  and  IgM  were 
detected  (42).  Similar  results  showing  the  presence  of  more 
reactive  IgG  than  Ig.A  have  been  reported  recently  (28,  36). 
The  predominant  IgG  subclass  in  vaginal  secretions  reactive 
with  gonococcal  antigens  is  lgG3  (34). 

Men  with  UGC  usually  have  urethral  exudate  antibodies 
reactive  with  gonococci.  Antigonococcal  IgA  was  found  in 
exudates  of  29  (83'"/)  of  35  men  with  UGC  (30);  also, 
antigonococcal  IgA  was  found  in  the  exudates  of  9  of  11  men 
vt  ith  a  first  infection  and  20  of  24  men  with  repeated  UGC 
(31).  Another  study  reported  the  presence  of  antigonococcal 
Ig.A  in  exudates  from  of  132  men  with  UGC  (41); 
reactive  IgG  and  IgM  were  found  in  90%  and  49%.  respec¬ 
tively.  Of  100  men  with  nongonococcal  urethritis  or  without 
urethritis,  only  one  had  antigonococcal  IgA,  but  26  had 
iintigonococcal  IgG.  Following  treatment,  the  levels  of  mea¬ 
surable  antigonococcal  IgA  declined  very  rapidly;  the  IgG 
levels  declined  more  slowly  and  could  still  be  detected  at  28 
days  after  treatment. 

Antigen  Specificity 

Study  of  the  antigen  specificity  of  antibodies  in  genital 
fluids  has  been  difficult  compared  with  analysis  of  antibody 
reactivity  with  whole  gonococci. 

Pifi.  Pili.  along  with  PI  and  P/I.  are  the  predominant 
antigens  in  the  genital  immune  response  to  genital  gonococ¬ 
cal  infection  (28.  36). 

In  early  gonococcal  pilus  vaccine  studies  it  was  found  that 
vaginal  fluid  antibodies  were  reactive  with  pili.  outer  mem¬ 
branes,  and  LOS  (60,  61).  The  pilus  vaccine  induced  vaginal 
fluid  antibodies  that  functioned  to  inhibit  the  pilus-mediated 
attachment  of  the  homologous  strain  of  /V.  fionarrhoeae  (40, 
58). 

PI.  PI  is  the  primary  antigen  in  both  the  genital  IgG  and 
IgA  responses  to  gonococcal  infection  when  tested  with  the 
infecting  organisms  of  the  patients  (36).  The  genital  anti-Pl 
antibody  level  has  not  been  quantitated,  but  it  is  qualitatively 
higher  than  the  serum  anti-PI  antibody  level. 

PlI.  Pll.  along  with  PI  and  pili,  is  a  major  antigen  in  the 
female  genital  antibody  response  to  gonococcal  infection 
(36).  We  are  not  aware  of  any  data  on  the  genital  anti-PII 
antibody  response  in  men  with  gonorrhea.  Whether  the 
genital  antibodies  have  a  protective  role  in  preventing  or 
modifying  gonococcal  endocervical  or  urethral  infection  is 
unknown. 

PHI.  There  is  minimal  if  any  measurable  genital  antibody 
response  to  PHI  (36). 

LOS.  Although  patients  with  genital  infection  make  anti¬ 
bodies  directed  against  gonococcal  LOS.  these  antibodies 
are  not  as  prominent  in  the  immune  response  as  are  antibod¬ 
ies  against  PI,  PH,  and  pili  (28,  36). 

H.8.  One  study  in  which  vaginal  fluid  antibodies  were 
studied  for  reactivity  to  a  broad  spectrum  of  gonococcal 
antigens  did  not  demonstrate  a  genital  antibody  response  to 
H.8  or  to  the  broad  band  of  reactivity  that  represents  H.8 
(36). 

IgA  I  Protease.  Split  products  of  IgAl  have  been  found  in 
the  genital  secretions  of  women  with  gonorrhea,  indicating 


that  the  gonococcal  IgAl  protease  is  present  and  active 
during  genital  infection  (6).  To  date,  however,  the  enzyme 
has  not  been  detected  in  genital  secretions  when  a  mono¬ 
clonal  antibody  probe  has  been  used;  also,  antibodies  against 
IgAl  protease  have  not  been  found  in  genital  secretions  of 
women  with  gonorrhea  (C.  J.  Lammel,  M.  S.  Blake,  and 
G.  F.  Brooks,  unpublished  observations). 

MIRP.  The  reactive  IgA  and  IgG  levels  in  vaginal  fluid 
were  higher  for  pelvic  inflammatory  disease  patients  with  no 
prior  infections  than  for  those  with  at  least  one  prior  infec¬ 
tion  (43).  In  contrast,  the  reactive  IgA  and  IgG  levels  in 
vaginal  fluid  of  UGC  patients  were  higher  for  patients  with 
prior  infections  than  for  those  with  no  prior  infections. 

FUNCTIONAL  IMMUNITY  IN  GONOCOCCAL 
INFF.CTION 

Bactericidal  and  Phagocytic  Systems 

Extensive  studies  have  been  done  on  bactericidal  and 
phagocytic  systems  in  the  immune  response  to  gonococcal 
infection.  Limited  space  precludes  thorough  review  of  the 
subject,  and  the  reader  is  referred  to  other  articles  in  this 
volume  for  additional  information. 

Gonococci  isolated  from  patients  with  disseminated  infec¬ 
tion  are  resistant  to  the  bactericidal  action  of  most  normal 
human  sera  and  convalescent-phase  sera  (10.  53).  This 
resistance  is  by  virtue  of  blocking  antibody  directed  against 
PHI  and  possibly  other  outer  membrane  antigens  (7a.  47). 
Patients  with  a  deficiency  of  one  of  the  late-acting  comple¬ 
ment  components  also  are  at  high  risk  for  disseminated 
neisserial  infection  because  their  antibody-complement-me¬ 
diated  bactericidal  systems  are  not  functional  (45).  Antibod¬ 
ies  also  are  opsonic  for  gonococci  (10).  A  protective  role  for 
opsonization  and  phagocytosis  is.  however,  not  clear,  be¬ 
cause  patients  with  late-acting  complement  component  defi¬ 
ciency  may  have  functional  opsonization  and  phagocytosis 
and  still  have  bacteremia. 

The  amount  of  complement  present  in  the  female  genital 
tract  is  small  (46)  and  probably  will  not  allow  complement- 
mediated  bactericidal  and  opsonic  systems  to  function  there. 
Examination  of  a  Gram  stain  of  a  genital  exudate  sample 
from  an  infected  patient  shows  that  gonococcal  association 
with  polymorphonuclear  cells  is  important  in  the  disease 
process.  It  is.  however,  not  clear  that  the  gonococcus- 
polymorphonuclear  cell  association  in  the  genital  tract  is 
antibody  mediated.  Some  PI  Is  mediate  attachment  of  gono¬ 
cocci  to  polymorphonuclear  cells,  but  it  is  not  known 
whether  human  antibody  can  modify  this  process. 

Preventing  Attachment  to  Mucosal  Cells 

The  pilus  vaccine  studies  have  provided  evidence  that 
anti-pilus  antibody  can  prevent  the  attachment  of  homolo¬ 
gous  gonococci  to  mucosal  cells  (8.  59).  The  antigenic 
heterogeneity  of  gonococcal  pili.  however,  may  preclude  a 
more  broad-spectrum  antibody-mediated  prevention  of 
gonococcal  attachment  to  mucosal  cells. 

A  monoclonal  antibody  directed  against  a  PH  can  partially 
prevent  PH-mediated  attachment  to  eucaryotic  cells.  There 
are  no  data  on  the  function  of  human  anti-PH  antibodies  in 
modifying  the  PH-mediated  attachment  process,  nor  are 
there  any  data  about  human  antibodies,  other  than  anti-pilus 
antibodies,  that  modify  attachment. 
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FURTHER  QUESTIONS  AND  CONSIDERATIONS 

ABOUT  IMMUNITY  IN  GONOCOCCAL  INFECTION 

Prevention  of  genital  gonococcal  infection  and  especially 
the  major  complication  of  pelvic  inflammatory  disease  is  an 
important  objective.  To  date,  however,  there  are  no  data  on 
the  humoral  immune  response  to  indicate  that  prevention  of 
infection  is  likely. 

Many  studies  have  been  oriented  toward  examination  of 
amibody-complement-mediated  bactericidal  systems,  but  it 
is  clear  that  the  presence  of  serum  bactericidal  activity  does 
not  prevent  uncomplicated  gonococcal  infection  (9).  It  is  not 
known  whether  the  presence  of  serum  antibody  and  bacte¬ 
ricidal  activity  prevents  or  modifies  gonococcal  pelvic  in¬ 
flammatory  disease. 

Sera  of  patients  may  have  high  levels  of  antibody  against 
pili,  PI.  PII.  LOS,  H.8.  MIRP,  and  a  variety  of  other 
gonococcal  antigens.  The  patients  also  may  have  repeated 
uncomplicated  genital  gonococcal  infection  when  these  an¬ 
tibodies  are  present.  It  is.  however,  not  known  whether  the 
presence  of  these  antibodies  prevents  or  modifies  gonococ¬ 
cal  pelvic  inflammatory  disease.  Only  one  set  of  data  from  a 
small  number  of  patients  indicates  that  women  do  not  have 
repeated  gonococcal  pelvic  inflammatory  disease  with  gono¬ 
cocci  of  the  same  PI  type  that  caused  their  first  infection 
(11). 

There  is  insufficient  understanding  of  genital  antibody 
function  in  gonococcal  infection  to  determine  whether  the 
antibody  plays  a  role  in  modifying  or  preventing  initial  or 
repeated  infection, 
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The  importance  of  the  complement  system  in  host  defense 
against  systemic  infection  caused  by  neisseriae  is  empha¬ 
sized  by  a  number  of  clinical  observations  documenting  the 
importance  of  antibody-dependent,  complement-mediated 
serum  bactericidal  activity  in  protection  from  systemic  men¬ 
ingococcal  disease  ( 17)  and  the  well-recognized  association 
between  the  resistance  of  gonococci  to  complement-depen- 
dent  serum  bactericidal  activity  and  the  development  of 
disseminated  gonococcal  infection  (46.  49).  Moreover,  indi¬ 
viduals  with  inherited  complement  deficiencies  have  a  mark¬ 
edly  increased  risk  (ca.  6,000-fold)  of  acquiring  systemic 
neisserial  infections  and  are  subject  to  recurrent  episodes  of 
systemic  meningococcal  and  gonococcal  infections  (37,  43). 
The  purpose  of  this  report  is  to  review  the  complement 
cascade  with  particular  reference  to  its  importance  in  host 
defense  against  bacterial  disea.ses,  to  compare  and  contrast 
neisserial  disease  in  complement-deficient  and  complement- 
sufficient  individuals,  to  examine  the  molecular  and  func¬ 
tional  basis  for  the  particular  importance  of  complement  in 
host  defense  against  these  infections,  and  to  examine  the 
immunologic  basis  for  prevention  of  neisserial  disease  in 
complement-deficient  individuals. 

THE  COMPLEMENT  CASCADE 

Activation  of  complement  by  either  the  classical  or  the 
alternative  pathway  results  in  the  formation  of  C3  conver- 
tases  on  the  bacterial  surface  (13).  These  convertases  cleave 
C3.  initiate  the  alternative-pathway  amplification  loop,  and 
participate  in  the  formation  of  the  C5  convertases.  The  C5 
convertases  in  turn  cleave  C5,  thereby  initiating  assembly  of 
the  membrane  attack  complex  and  its  insertion  in  the  mem¬ 
branes  of  susceptible  bacteria  (Fig.  1). 

The  reactions  leading  to  the  formation  of  the  classical 
pathway  C3  convertase.  C4b2a,  are  initiated  upon  Clq 
binding  to  immunoglobulin  M  (IgM)  or  IgG  during  recogni¬ 
tion  of  antigen  by  these  antibodies.  In  this  role,  antibody 
serves  to  promote  complement  activation  in  a  kinetically 
efficient  manner  and  to  direct  its  deposition  to  specific  sites 
on  the  bacterial  surface  (15).  The  classical  pathway  can  also 
be  activated  by  the  direct  binding  of  Clq  to  certain  bacterial 
substrates,  for  example,  the  lipid  A  moiety  of  endotoxin. 

Alternative-pathway  activation  exhibits  several  funda¬ 
mental  differences  from  that  of  the  classical  pathway.  First, 
antibody  is  not  required,  although  it  facilitates  the  activation 
process  (39).  Second,  activation  occurs  continuously  at  a 
low  rate  which  is  tightly  controlled  by  factors  H  and  I, 
regulatory  proteins  present  in  plasma.  Effective  activation 
occurs  when  this  control  is  subverted  by  the  introduction  of 
an  activator  surface  (e.g..  a  bacterium),  on  which  the  binding 
of  factor  B  to  C3b  is  favored  over  the  binding  of  the 
regulatory  protein,  factor  H  (13).  Third,  a  component  of  the 
activation  process.  C3b.  is  also  a  product  of  activation, 
thereby  generating  a  positive  feedback  loop  (13).  Conse¬ 
quently,  C3b  deposition  mediated  by  either  the  alternative  or 


the  classical  pathway  is  amplified  by  this  loop.  Amplification 
converts  alternative-pathway  activation  from  a  kinetically 
inefficient  to  an  efficient  process.  Fourth,  in  contrast  to  the 
classical  pathway,  in  which  antibody  directs  complement 
deposition  to  specific  sites  on  the  bacterial  surface,  alterna¬ 
tive-pathway  activation  occurs  randomly  on  the  bacterial 
surface. 

The  C3  convertases  are  structurally  and  functionally  ho¬ 
mologous  complexes  which  are  bound  covalently  to  the 
bacterial  surface  via  ester  or  amide  bonds  (25).  These 
linkages  are  formed  upon  rupture  of  an  internal  thiol  ester 
bond  in  the  a  chain  of  both  C4  and  C3  during  the  activation 
of  either  of  these  molecules.  Thus,  the  array  of  hydroxyl  or 
amino  groups  available  on  the  bacterial  surface  for  the 
formation  of  ester  or  amide  bonds  with  C4  or  C3  is  an 
important  determinant  of  the  outcome  of  the  interaction 
between  the  complement  system  and  the  organism. 

The  central  position  of  C3  at  the  convergence  of  the  two 
activation  pathways  and  at  the  head  of  the  terminal  comple¬ 
ment  pathway,  as  well  as  its  role  in  initiating  the  alternative¬ 
pathway  amplification  loop,  emphasizes  the  critical  impor¬ 
tance  of  this  molecule  and  make  it  a  logical  point  for 
regulation  of  complement  activation.  Regulation  is  achieved 
in  the  fluid  phase  by  factors  H  and  I  (13)  and  on  host  cells  by 
specific  surface  proteins  which  serve  to  distinguish  self  from 
nonself  (1).  In  addition,  specific  chemical  moieties  can 
modulate  C3  convertase  function.  An  example  of  this  type  of 
control  is  sialic  acid,  a  constituent  of  many  glycoproteins 
present  on  human  cells.  Sialic  acid  enhances  factor  H 
binding  to  C3b  approximately  l(X)-fold  compared  with  factor 
B.  Hence,  complement  activation  on  the  surface  of  these 
cells  is  effectively  down-regulated,  and  the  cell  is  protected 
from  complement-mediated  injury  (12). 

At  a  functional  level,  complement  activation  promotes  an 
effective  inflammatory  response,  participates  in  the  elimina¬ 
tion  of  immune  complexes,  helps  to  neutralize  viruses,  is 
capable  of  directly  killing  some  gram-negative  bacteria, 
plays  an  important  role  in  opsonizing  bacteria  for  ingestion 
and  killing  by  phagocytic  cells,  and  may  play  a  role  in  the 
modulation  of  the  immune  response  (Fig.  1). 

NEISSERIAL  DISEASE  IN  COMPLEMENT-DEFICIENT 
INDIVIDUALS 

The  frequency  of  inherited  complement  deficiency  states 
in  the  general  population  is  about  0.03^^  (16).  Several  studies 
have  reported  that  the  frequency  of  complement  deficiencies 
among  individuals  with  systemic  neisserial  disease  ranges 
from  Oof  47  (<2%)  to  3  of  20  (159f)  (11,  38).  This  wide  range 
is  probably  related  to  the  ages  of  the  patients  in  the  studies, 
the  relatively  small  number  of  patients  studied,  and  a  dis¬ 
proportionate  genetic  influence  in  relatively  insular  popula¬ 
tions.  The  best  estimate  of  (he  frequency  of  inherited  com¬ 
plement  deficiency  states  among  patients  with  endemic 
neisserial  disease  is  probably  about  5  to  lO^f.  although  the 
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FIG.  1.  The  complement  cascade.  Within  each  pathway,  the  components  are  arranged  in  order  of  their  activation  and  aligned  opposite 
their  functional  and  structural  analog  in  the  opposite  pathway.  Asterisks  indicate  sites  of  down-regulation  of  complement  activity. 
Reproduced  from  P.  Densen,  in  G.  L.  Mandell,  R.  G.  Douglas,  Jr.,  and  J.  E.  Bennett,  ed..  Principles  and  Practice  of  Infectious  Diseases, 
3rd  ed..  Churchill  Livingstone,  Ltd.,  Edinburgh,  in  press,  with  permission  of  the  publisher. 


likelihood  of  a  complement  deficiency  increases  dramatically 
(31%)  among  individuals  who  have  had  more  than  one 
episode  of  meningococcal  infection  (35).  Thus,  complement 
deficiency  states  occur  approximately  150  to  300  times  more 
frequently  among  individuals  with  systemic  neisserial  dis¬ 
ease  than  in  the  noninfected  general  population. 

Meningococcal  disease  is  the  most  common  infection 
experienced  by  complement-deficient  individuals  (43),  al¬ 
though  the  frequency  of  infection  differs  among  individuals 
with  defects  affecting  different  segments  of  the  complement 
cascade.  The  low  frequency  of  infection  (20%)  in  individuals 
with  a  deficiency  of  Cl,  C4,  or  C2  compared  with  other 
component  deficiencies  (Table  1)  is  attributed  to  the  pres¬ 
ence  of  an  intact  alternative  pathway  in  these  patients  (43). 
In  contrast,  although  individuals  with  alternative-pathway 
defects  can  activate  the  classical  pathway  normally  in  the 
presence  of  specific  antibody,  the  absence  of  antibody, 
coupled  with  a  defective  alternative  pathway,  leads  to  a 
profound  abnormality  in  complement  activation  and  serum 
bactericidal  activity.  Consequently,  infection  in  such  indi¬ 
viduals  might  be  expected  to  have  dire  consequences,  a 
prediction  borne  out  by  statistics  for  properdin-deficient 
individuals  (Table  1)  (8,  47). 

With  the  exception  of  C9  deficiency,  individuals  lacking 


one  of  the  terminal  complement  components  exhibit  a  strik¬ 
ing  susceptibility  to  systemic  neisserial  infection  (37,  43). 
The  basis  for  this  association  is  the  inability  to  express 
complement-dependent  serum  bactericidal  activity.  Support 
for  this  conclusion  stems  from  the  observation  that  the 
serum  from  C9-deficient  individuals  can  kill  meningococci, 
albeit  at  a  lower  rate  than  normal,  a  finding  consistent  with 
the  fact  that  C9  is  not  absolutely  required  for  complement- 
mediated  lysis  of  erythrocytes  and  presumably  accounts  for 
the  relative  absence  of  meningococcal  infections  in  these 
individuals  (22). 

The  clinical  pattern  of  meningococcal  infection  differs  in 
complement-deficient  and  normal  individuals  (Table  1).  In 
particular,  in  properdin  deficiency,  which  is  an  X-linked 
trait,  meningococcal  disease  occurs  in  males,  and  the  first 
episode  of  infection  usually  occurs  during  the  teenage  years. 
The  clinical  course  is  frequently  fulminant,  and  there  is  an 
associated  high  mortality  rate;  presumably,  this  is  a  conse¬ 
quence  of  low  levels  of  specific  antibodies,  leading  to  an 
impaired  capacity  to  utilize  the  classical  pathway  to  op¬ 
sonize  bacteria  and  develop  serum  bactericidal  activity  (8, 
47).  The  severity  of  the  disease  in  these  individuals  contrasts 
with  that  in  individuals  with  late  complement  component 
deficiencies,  presumably  because  the  former  are  unable  to 
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TABLE  1.  Comparison  of  meningococcal  disease  in  normal,  late  complement  component-deficient,  and  properdin-deficient  individuals" 


Characteristics  ol  individuals  and  infections'*  Infecting  serogroup 


Type  or  ho.sr 

No.  of 
homo¬ 
zygotes 

No.  with 
meningo¬ 
coccal 
disease 

Frequenc> 

of 

infection 

rr) 

Mule/ 

female 

ratio 

Median  age 
(yr)  at  1st 
episode 

Recurrence 

rate 

Relapse 
rate  C  'r) 

Mortality 

per 

episode 

i'/c) 

No.  of 
isolates 

Of  B 

07  Y 

Normal 

0.0072 

1.3:1 

3 

0.34 

0.6 

19 

3.184 

50.2 

4.4 

Late  complement 

19.“! 

124 

64 

2.8:1 

17 

46.2 

4.7-.S.8 

1.6-2, 7' 

48 

20.8 

41.7 

component  deficient 
Properdin  deficient 

41 

14-26 

.34-63 

14:0-2-‘i:l 

14-1 1..S 

0  (<2.4) 

0  (<2.4) 

43-6.5 

11 

27.3 

27.3 

Reproduced  from  P.  Densen.  in  G.  L.  Mandell.  R.  G.  Douglas,  ir..  and  J.  E.  Bennett  ed..  Frimiples  and  Practice  of  Infections  Diseases.  3rd  ed..  Churchill 
Livingstone.  Ltd.,  Edinburgh,  in  press,  with  permission  of  the  publisher. 

Where  a  range  is  given,  the  first  number  refers  to  documented  cases  of  meningococcal  infection  and  the  second  number  refers  to  documented  plus  probable 
and  possible  cases  of  meningococcal  disease. 

‘  The  larger  estimate  includes  two  deaths  in  individuals  with  unconfirmed  late  complement  component  deficiency.  The  corresponding  mortality  rate  per  patient 
is  2.4  to  4.0^?. 


effectively  recruit  any  C3-dependent  host  defense  mecha¬ 
nisms,  whereas  the  latter  can  express  these  activities  to 
some  degree.  A  striking  finding  in  individuals  with  late 
complement  component  deficiencies  compared  with  normal 
persons  is  the  low  mortality  rate  associated  with  meningo¬ 
coccal  disease  (43).  This  observation  suggests  that  exuberant 
complement  activation  may  contribute  to  the  mortality  rate 
in  normal  individuals  and  that  this  contribution  is  dependent 
in  part  upon  the  assembly  of  an  intact  membrane  attack 
complex. 

Uncommon  meningococcal  serogroups,  in  particular 
group  Y  strains,  cause  disease  relatively  more  commonly 
among  complement-deficient  than  normal  individuals  (43). 
This  altered  serogroup  distribution  appears  to  stem  in  part 
from  the  fact  that  group  Y  organisms  are  more  serum 
sensitive  but  exhibit  a  more  stringent  requirement  for  elim¬ 
ination  by  phagocytic  cells  than  group  B  strains  (45).  How¬ 
ever.  the  neisseriae  infecting  complement-deficient  patients 
are  not  more  serum  sensitive  than  the  comparable  organisms 
isolated  from  normal  individuals.  In  particular,  disseminated 
gonococcal  infection  in  these  individuals  is  caused  by  typical 
serum-resistant  gonococci  (42).  This  suggests  that  factors 
other  than  scum  sensitivity  and  resistance  (e.g.,  tissue 
invasiveness)  contribute  to  the  pathogenesis  of  neisserial 
infection. 

MOLECULAR  AND  FUNCTIONAL  BASIS  FOR  THE 
IMPORTANCE  OF  COMPLEMENT  IN  HOST  DEFENSE 
AGAINST  NEISSERIAE 

A  complete  understanding  of  the  interaction  of  comple¬ 
ment  with  neisseriae  requires  the  definition  of  the  relevant 
antibody  isotype  (IgM  versus  IgG),  its  epitopic  specificity, 
and  the  utilization  of  neisserial  isolates  with  a  defined 
surface  composition  (capsule,  outer  membrane  protein,  and 
lipooligosaccharide  [LOS]).  Ideally,  such  studies  will  exam¬ 
ine  the  binding  of  multiple  complement  components  as  well 
as  the  functional  activity  of  those  bound  components.  At 
present,  our  knowledge  of  these  variables  is  incomplete,  so 
that  the  emerging  picture  of  these  interactions  reveals  a 
measure  of  complexity  rather  than  detailed  understanding. 
This  section  is  an  attempt  to  provide  an  understanding  of 
these  variables  as  they  relate  to  complement  activation  by 
neisseriae  at  present. 

A  number  of  clinical  studies  have  reported  extensive 
complement  consumption  in  individuals  with  fulminant  men¬ 
ingococcal  disease  and  have  demonstrated  a  direct  correla¬ 
tion  between  the  presence  of  capsular  polysaccharide  in 


serum  and  the  degree  of  complement  consumption  (2.  18,  24. 
52).  Complement  consumption  appears  to  occur  via  both  the 
classical  and  alternative  pathways,  but  the  relatively  normal 
C4  levels  in  association  with  the  dramatic  reduction  in  factor 
B  concentration  observed  in  these  patients  suggests  that 
activation  occurs  primarily  via  the  alternative  pathway  (24). 

In  vitro  studies  examining  the  pathway  of  complement 
activation  by  meningococci  have  confirmed  that  both  group 
A  and  group  B  meningococci  activate  the  classical  pathway 
in  normal  serum  (10).  In  contrast,  only  group  A  strains 
activate  the  alternative  pathway  (10.  28).  a  finding  attributed 
to  the  fact  that  the  group  B  capsular  polysaccharide  is  a 
homopolymer  of  sialic  acid  (9,  29).  which  is  known  to  inhibit 
alternative-pathway  activation  (12).  This  finding  suggests 
that  the  absence  of  specific  antibody  to  initiate  classical¬ 
pathway  activation,  coupled  with  capsular  sialic  acid-medi¬ 
ated  inhibition  of  alternative-pathway  activity,  may  contrib¬ 
ute  to  the  prevalence  of  group  B  meningococcal  disease  in 
young  children. 

From  the  investigational  standpoint,  the  capsular  polysac¬ 
charides  of  group  Y  and  W135  meningococci  contain  substi¬ 
tuted  sialic  acid  residues.  Comparison  of  the  effects  of  these 
defined  variants  upon  alternative-pathway  activity  might 
shed  further  light  on  the  mechanism  by  which  sialic  acid 
inhibits  this  activity  (9,  29).  Another  aspect  of  this  phenom¬ 
enon  is  the  observation  of  Zollinger  and  Mandrell  that 
bactericidal  titers  of  human  antibody  to  group  B  meningo¬ 
cocci  are  low  when  a  human  source  of  complement  is  used  in 
the  assay  but  are  high  when  rabbit  serum  is  used  as  the 
complement  source  (51).  The  explanation  for  this  finding  has 
not  been  rigorously  examined,  but  it  is  probably  due  to  the 
reported  species  specific  capacity  of  sialic  acid  to  inhibit 
alternative-pathway  activity  in  humans  but  not  rabbits. 

Studies  examining  complement  activation  by  gonococci 
incubated  in  chelated  serum  indicated  that  both  pathways 
were  utilized  but  that  gonococcal  serum  bactericidal  activity 
was  associated  primarily  with  activation  of  the  classical 
pathway  (26).  Subsequently,  we  used  complement-deficient 
serum  samples  from  individuals  not  previously  infected  with 
neisseriae  to  reexamine  this  issue  and  to  assess  the  contri¬ 
bution  of  both  pathways  to  C3  fixation  on  serum-sensitive 
and  serum-resistant  strains  (6).  We  found  that  the  kinetics  of 
gonococcal  killing  were  identical  in  normal  and  in  properdin- 
deficient  serum  containing  an  intact  classical  pathway.  In 
contrast,  achieving  an  equivalent  degree  of  gonococcal  kill¬ 
ing  in  C2-deficient  serum,  which  contained  only  an  intact 
alternative  pathway,  took  approximately  three  to  four  times 
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as  long  (6).  Although  dilTerent  serum  sources  were  used  in 
these  experiments,  isotype-speeihc  titers  for  gonococcal 
outer  membrane  proteins  and  LOSs  did  not  differ  among  the 
serum  sources  used  at  the  concentration  employed  in  the 
assay.  These  data  convincingly  confirm  the  findings  of 
Ingwer  et  al.  (26)  that  activation  of  complement  by  and 
killing  of  gonococci  in  normal  serum  is  mediated  primarily 
through  the  classical  pathway. 

With  respect  to  C.^  deposition,  our  data  indicated  that 
substantially  gretiter  amounts  of  C.f  were  bound  to  serum- 
sensitive  than  resistant  gonococci,  although  the  pattern  of 
deposition  w  ith  respect  to  the  pathway  of  activation  w  as  the 
same  for  both  isolates  (6).  How-ever.  more  interesting  was 
the  finding  that  more  C.f  was  deposited  on  organisms  incu¬ 
bated  in  normal  serum  than  on  those  incubated  in  properdin- 
deficient  serum,  despite  identical  bactericidal  kinetics  in  the 
tw  o  serti.  Moreover,  incubation  of  gonococci  in  C2-deficient 
serum  for  a  period  sufficiently  long  to  allow  a  degree  of 
killing  equivalent  to  that  in  normal  and  properdin-deficient 
serum  resulted  in  even  greater  C.f  deposition.  These  data 
indicate  that  maximal  C.f  fixation  to  gonococci  varies  among 
sera,  even  though  killing  does  not.  and  suggest  that  C.f 
binding  to  gonococci  may  occur  at  biochemically  different 
sites  on  the  organism  surface  and  that  some  of  these  sites 
m;iy  be  pathway  specific  (6). 

Other  investigators  have  observed  that  despite  the  pres¬ 
ence  of  ti  hexosamine-containing  LOS  epitope  for  bacteri¬ 
cidal  IgM.  gonococci  exhibit  a  spectrum  of  sensitivity  to 
lysis  by  normal  human  serum.  Moreover,  absorption  of 
norm.'  .  serum  with  these  gonococci  depleted  alternative¬ 
pathway  activity  in  proportion  to  the  degree  of  their  serum 
sensitivity  and  to  their  ability  to  bind  purified  properdin. 
These  investigators  suggested  that  classical  pathway-initi- 
iited  lysis  of  gonococci  is  variously  augmented  by  the 
idternative  pathway  as  a  function  of  the  ability  of  a  given 
strain  to  bind  properdin  and  that  the  titer  at  which  a  strain  is 
lysed  reflects  this  alternative-pathway  augmentation  (21, 27). 
F.xpressed  differently,  the  greater  the  serum  sensitivity  of  a 
specific  organism,  the  greater  the  alternative-pathway  aug¬ 
mentation.  Thus,  these  results  appear  to  contradict  our 
findings  thiit  killing  of  an  exquisitely  serum-sensitive  strain 
could  be  mediated  solely  by  the  classical  pathway  (6). 
Although  the  basis  for  this  discrepancy  is  unresolved,  one 
possibility  is  that  the  function  of  properdin  in  the  comple¬ 
ment  cascade  is  believed  to  relate  to  its  ability  to  bind  to  C3b 
(34)  and  to  stabilize  the  alternative-pathway  convertase  (14). 
not  to  any  intrinsic  ability  of  this  cationic  protein  to  bind  to 
a  negatively  charged  target  surface  per  se.  This  belief  may 
require  further  scrutiny. 

.Serum-sensitive  and  resistant  gonococci  have  been  com¬ 
pared  with  respect  to  the  outcome  of  a  number  of  comple¬ 
ment-mediated  functions  including  opsonophagocytosis 
(C3b/iC3b),  chemotaxis  (C5a),  and  killing  (C5b-9 — the  mem¬ 
brane  attack  complex)  (.‘',  23.  31.  44).  In  each  situation, 
complement  activation  was  functionally  effective  when  dep¬ 
osition  occurred  on  sensitive  but  not  on  resistant  gonococci. 
For  example,  sensitive  strains  were  more  rapidly  ingested 
and  killed  by  neutrophilis  in  C8-deficient  serum  than  resis¬ 
tant  strains  were  (8.8%  ±  3.4%  versus  64.4%  ±  7.7% 
survival  at  30  min  fP  <  0.(K).^|).  Serum-sensitive  isolates 
consumed  and  fixed  C3  more  rapidly  and  in  greater  amounts 
than  did  resistant  strains  (44),  However,  the  difference  in  C3 
consumption  and  fixation  did  not  account  for  the  difl'erence 
in  phiigocytosis.  hectiuse  killing  of  sensitive  strains  was  still 
gretiler  (han  that  of  resistant  strains  under  conditions  of 
equal  ('3  fixation.  More  importantly.  C3  bound  to  scrum- 


resistant  gonococci  during  incubation  in  normal  human 
serum  had  no  effect  on  promoting  phagocytic  ingestion  and 
killing,  since  the  slope  of  the  plot  of  gonococcal  survival 
versus  C'3  fixation  was  zero.  In  contrast,  C3  fixation  to 
sensitive  strtiins  made  an  important  contribution  to  phago- 
cyto'^'-  since  ingestion  and  killing  were  significantly  de¬ 
creased  when  the  serum  was  heated  to  inactivate  comple¬ 
ment  (44). 

Other  investigators  have  demonstrated  that  complement 
activation  by  gonococci  leads  to  the  assembly  of  the  mem¬ 
brane  attack  complex  and  its  association  with  the  goniK.tK- 
cal  outer  membrane  (23.  31).  C'9  consumption  and  the 
number  of  C.‘'b-9  complexes  deposited  on  sensitive  and 
resistant  strtiins  were  equivalent,  despite  the  different  func¬ 
tional  outcome  resulting  from  this  association.  However, 
twice  as  many  of  these  complexes  could  be  removed  from 
the  resistant  strain  than  from  the  sensitive  strains  by  trypsin 
treatment,  indicating  that  the  complexes  were  inserted  dif¬ 
ferently  in  the  outer  membranes  of  the  two  types  of  gono¬ 
cocci  (31).  In  addition,  the  complexes  were  stably  associated 
with  distinctive  proteins  in  the  outer  membrane  of  sensitive 
but  not  resistant  strains  (32).  Moreover,  treatment  of  resis¬ 
tant  isolates  with  immune  antiserum  promoted  both  associ¬ 
ation  of  the  membrane  attack  complex  with  these  proteins 
and  killing  of  the  isolates  (32).  These  data  also  demonstrate 
that  resistant  strains  are  not  innately  immune  to  comple¬ 
ment-mediated  attack. 

Together,  these  data  demonstrate  the  critical  contribution 
of  effective  complement  activation  by  serum-sensitive  gono¬ 
cocci  to  multiple  levels  of  host  defense.  Conversely,  the 
ineffectiveness  of  this  process  in  promoting  neutrophil 
chemotaxis.  phagocytosis,  and  serum  bactericidal  activity 
for  serum-resistant  gonococci  is  probably  a  significant  factor 
in  the  pathogenesis  of  disseminated  gonococcal  infection  and 
probably  contributes  to  the  relatively  sparse  discharge  and 
lack  of  genital  symptoms  observed  in  this  disease.  The  fact 
that  resistant  strains  stimulate  inadequate  complement-me¬ 
diated  activities  at  multiple  levels  of  the  cascade  (C3,  C.^a. 
and  C.3b-9)  indicates  that  the  basis  for  the  impaired  interac¬ 
tion  between  complement  and  these  isolates  must  occur  al  a 
step  preceding  or  involving  C3  deposition.  Moreover,  these 
data  suggest  that  immune  antibody  alters  this  process  by 
directing  complement  deposition  to  specific  sites  on  the 
organism  surface  (1.*'). 

Further  support  for  this  conclusion  stems  from  our  studies 
of  the  epilopic  specificity  of  antibodies  in  normal  and  im¬ 
mune  sera  (4)  and  from  experiments  with  monoclonal  anti¬ 
bodies  (33).  In  these  studies  we  demonstrated  a  direct 
correlation  between  the  titer  of  IgM  anti-LOS  for  individual 
serum-sensitive  strains  and  the  complement-dependent 
chemotactic  activity  generated  by  the  strain  (4).  Su'-h  a 
relationship  was  not  demonstrated  for  serum-resistant  gono¬ 
cocci,  even  though  in  some  cases  the  individual  IgM  anti- 
LOS  liter  was  higher  than  that  for  serum-sensitive  strains. 
Nor  was  a  correlation  observed  between  complement-medi¬ 
ated  activities  and  IgG  anti-LOS  titers  or  liters  of  either 
isotype  against  outer  membrane  proteins  from  any  of  the 
isolates.  In  convalescent-phase  sera,  IgM  titers  to  outer 
membrane  antigens  of  the  homologous  serum-resistant  strain 
did  not  differ  substantially  from  those  in  normal  serum  and 
recognized  identical  epitopes  on  Western  immunoblols  of 
purified  LOS  from  the  resistant  strain.  In  contrast,  in  the 
convalescent-phase  serum,  IgG  liters  to  outer  membrane 
antigens  were  markedly  elevated,  were  associated  with 
effective  complement-mediated  activity,  and  recognized  a 
unique  LOS  epitope  not  detected  by  normal  IgG  (4). 
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Joiner  el  nl.  (3')  used  ;i  p;mel  of  nionoelonnl  aniibodies 
\sith  overlappini;  isoiype  and  suhelass  eharaeteristies  and 
sharin,  aniitienie  speeitieit\  lor  i;r)noeoeeal  outer  nienihrane 
protein  1  to  demon^trate  that  eqiitd  himlini;  of  these  antibod¬ 
ies  resulted  in  a  range  of  gonoeoeeal  killing  from  111  to  90'  i . 
I'his  uide  range  in  killing  oeeurred  despite  the  deposition  of 
nearl\  equivalent  numbers  of  C'3  ;ind  C'9  moleeules  on  the 
organisms  in  the  presenee  of  these  aniibvidies  |33),  In  sum¬ 
mary.  both  of  these  studies  lend  additiontil  support  to  the 
importanee  of  epiiopie  speeifieily  in  mediating  elTeeiive 
eomplement  disposition.  This  result  is  distinei  from  the 
etfeel  of  bloeking  tintibitdies  tlgti  speeitie  for  protein  111  on 
serum-resistant  gonoeoeei  |40.  41 1  and  lg.\  speeilie  for 
eapsular  polysaeehtiride  on  meningoe\ieei  |19,  20|).  uhieh 
eompete  witii  btieierieidal  antibodv  for  binding  sites  on  the 
organism.  In  the  ease  of  gonoeoeei.  bloeking  antibodv  also 
enhanees  eomplement  deposition  at  sites  which  dr)  not  result 
in  complement-dependent  killing  l.stll. 

.As  ;i  consequence  of  these  findings,  we  examined  the  nite 
of  cleavage  of  CM  covalently  bound  to  serum-sensitive  and 
resistant  gonococci  during  incubation  in  normal  human 
serum  tC'.  McRill  and  P.  Densen.  unpublished  d;it;il.  .As  in 
our  previous  studies,  more  C'.J  was  bound  to  sensitive  than  to 
resistant  strains.  Initial  deposition  of  C  3b  on  the  sensitive 
strains  w;is  followed  by  its  cleavage  to  iC'3b.  C3dg.  and  C3d. 
beginning  w  ithin  .s  min  of  ineubiiliv)u  in  serum.  .As  C'3b  was 
cleaved  to  iC'3b.  lactor  B  present  as  Bb  bound  to  C'.3b  was 
progressively  lost  from  the  cell  surltice.  consistent  witli  the 
decay  of  the  alterniitive-pathwi'.y  C3  convertiise.  In  contrast. 
C.3b  deposition  on  resistant  strains  w;is  not  observed  until 
after  10  min  of  incubtition.  ;ind  factor  B.  although  bound  by 
resistant  strains,  was  neither  cleaved  to  Bb  nor  shed  from 
the  cell  surface.  I'hese  studies  demonstrate  a  diflerence  in 
the  rate  of  C3  cleavage  on  the  two  types  of  isolates  ;is  well  as 
a  difference  in  the  interaction  of  factor  B  with  C'.3b  bound  to 
them  and  suggest  that  the  very  rapid  clciivtige  of  C.3b  to  iC'.3b 
on  resistant  strains  may  contribute  to  their  resisttince  by 
preventing  initiation  of  the  assembly  of  the  membrtine  attack 
complex  iMcRill  and  Densen.  unpublished).  The  molecular 
basis  underlying  the  diflerence  in  these  reactivities  requires 
further  elucidation. 

During  the  course  of  these  studies,  we  sought  to  control 
the  bacteriolytic  elTect  of  complement  on  these  two  types  of 
isolates  by  using  either  C8-dcficient  scrum  or  normal  human 
serum  immunochemictilly  depleted  of  CS.  We  expected  that 
these  reagents  would  allow  unencumbered  C3  deposition  on 
serum-sensitive  strains  but  prevent  C.'vb-9-mediated  gono¬ 
coccal  lysis,  thereby  allowing  sensitive  strains  to  remain 
intact  and  marnhohgkuUy  analogous  to  serum-resistant 
strains.  We  were  surprised  to  discover  that  although  the  total 
amount  of  C3  bound  to  serum-sensitive  strains  did  not  differ 
between  complement-sufficient  and  deficient  sera,  factor  B. 
present  as  Bb.  was  bound  stably  to  C3  on  sensitive  gono¬ 
cocci  incubated  in  complement-deficient  but  not  in  comple¬ 
ment-sufficient  serum  (7).  Reconstitution  of  the  complement 
cascade  by  the  addition  of  purified  C8  to  C8-deficient  serum 
led  to  the  loss  of  factor  B  and  properdin  previously  bound  to 
these  organisms.  Consistent  with  these  observations  was  the 
finding  of  a  delay  in  C3  cleavage  on  organisms  incubated  in 
deficient  but  not  in  sufficient  serum.  Additional  studies 
demonstrated  that  this  elTect  required  C8  but  not  C9  in  the 
nascent  membrane  attack  complex,  although  the  presence  of 
C9  further  enhtinced  factor  B  loss  Irom  the  organisms 
(McRill  and  Densen.  unpublished).  When  membrane  disrup¬ 
tion  was  prevented  by  depleting  normal  serum  of  lysozyme 
instead  of  (  8.  gonococcal  killing  ;ind  factor  B  loss  occurred 
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noim.div.  I  hese  studies  establish  the  existence  of  ;i  novel 
feedback  mechanism  in  which  the  tissembly  of  the  mem¬ 
brane  attack  eomplex  promotes  decay  of  the  alterntitive- 
paihvvay  ( '3  coin  erttise.  ('3bBb  B.  resulting  in  the  release  of 
factor  B  and  pioperdin  but  not  C3  from  the  orga'  ism  surface 
(7).  riiis  elfect  does  not  require  the  gross  morphologic 
disruption  of  the  outer  membrane.  However,  the  extensive 
loss  (  (■  Ollier  membiiine  components  contiiining  endotoxin 
thill  occurs  during  incubation  of  neisseriiie  in  eomplement- 
suflieienl  serum  |7.  .si)i.  but  not  in  delicienl  serum.  m;iy 
contribute  to  the  higher  mortality  rate  iiss.iciated  v.ith  men- 
ing.ieoeeal  disease  in  iiorniiil  individiuils  compared  with  that 
in  piitients  with  late  complement  component  delieieneies 
( l  iible  1).  In  iiddition.  the  iillered  display  ol  C  3  clciivage 
products  on  organisms  incubated  in  eomplement-delicienl 
seni  niiiy  lead  to  a  diflerence  in  complement-dependent 
enhancement  of  immune  responses. 

IMMl  NOl.OdiC  BASIS  FOR  l•RK\  ^;M  ION  OF 
NKISSKRIAl.  DISKASK  IN  t OMIM.KMKM -DFFK  IFM 
INDIA  IDI  AI  S 

I'here  is  a  sound  theoretical  ;ind  experimentiil  biisis  for  the 
use  of  eapsular  viieeines  to  prevent  infection  in  individuals 
with  inherited  defects  iilVeeling  either  the  classiciil  or  idler- 
native  pathwiiy.  In  the  former  situiiiion.  speeilie  antibody 
acts  synergistieally  with  properdin  to  enhance  iillernalive- 
palhwiiy  aeliviition  and  function  t48).  iind  postvaccination 
serum  from  these  individuals  demonstniies  improved  men¬ 
ingococcal  killing  (P.  Densen.  unpublished  diila).  Similarly  , 
we  and  others  hiive  shown  that  iidministration  of  the  men¬ 
ingococcal  vaccine  to  properdin-deficient  individuals  en¬ 
hances  (he  use  of  (he  clitssical  pathway  and  the  killing  of 
meningococci  (8.  48).  (liven  the  high  mortality  rate  associ¬ 
ated  with  meningococcal  disease  in  these  individuals,  vacci¬ 
nation  represents  an  important  thenipeutic  stiiitegy. 

The  theoretical  basis  for  immuni/tition  of  individuals  with 
an  inherited  deficiency  of  one  of  the  late  complement  com¬ 
ponents  is  less  well  esttiblished.  since  anti-capsular  antibody 
cannot  enhance  serum  btictericidal  activity  in  individuals 
with  a  defective  killing  system.  However,  complement- 
dependent  opsonization  is  unimptiired  in  patients  with  an 
inherited  deficiency  in  one  of  the  late  complement  compo¬ 
nents  (3b).  Wc  have  shown  that  vaccination  enhances  the 
phagocytic  elimintition  of  meningococci  from  their  serum 
(d.*)).  Nevertheless,  phagocytic  cells  in  the  tissues  and  retic- 
ulviendothelial  systeu.  do  not  seem  to  prevent  recurrent 
neisserial  infection  in  these  patients.  The  reason  for  this 
apparent  failure  seems  to  be  that  the  serum  from  unvacci¬ 
nated  and  previously  uninfected  deficient  patients,  as  well  as 
scrum  from  normtil  indiviuuals.  contains  low  levels  of  spe¬ 
cific  IgG  anticapsular  tintibodies.  Bactericidal  antibody  in 
these  individuals  is  directed  primarily  at  subcapsular  anti¬ 
gens.  Consequently.  C3  is  probably  deposited  at  these  sites 
rather  thtin  on  the  meningococcal  capsule,  resulting  in 
impaired  opsoniztilion  analogous  to  that  described  previ¬ 
ously  for  pneumococci  (3).  I  hus.  the  complement  deficiency 
accounts  for  the  susceptibility  of  these  patients  to  meningo¬ 
coccal  disease,  but  the  tissocialed  lack  of  anticapsular  anti¬ 
body  contributes  to  this  susceptibility  by  impairing  effective 
elimination  of  meningococci  by  phagocytes.  Consequently, 
vaccination,  by  generating  anticapsular  antibody,  should 
help  protect  these  individiuils  by  recruiting  the  phagocytic 
arm  of  host  defense. 

During  recent  studies  of  the  immune  response  of  late 
complement  omponent-deficient  individuals  to  meningo- 
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coccal  infection,  we  observed  that  the  levels  of  baeterieidal 
antibody  for  group  B  meningococci  did  not  ditfer  among 
normal  and  complement-deficient  individuals  who  had  not 
experienced  meningococcal  infection  (P.  Densen,  C.  McRiil. 
and  M.  Sanford,  unpublished  data).  However,  the  serum 
samples  from  complement-deficient  individuals  with  previ¬ 
ous  meningococcal  infection  contained  significantly  higher 
titers  of  bactericidal  antibodies  than  did  the  serum  samples 
of  normal  individuals  with  the  same  infection.  This  differ¬ 
ence  was  independent  of  the  number  of  infections,  the  time 
since  the  infection,  the  age  of  the  patient,  and  the  infecting 
meningococcal  sercigroup.  Preliminary  studies  suggest  that  a 
likely  target  of  this  antibody  is  meningococcal  LOS  (Densen. 
et  al..  unpublished).  These  data  suggest  that  there  may  be  a 
subtle  difference  in  antigen  presentation  in  late  complement 
component-deficient  individuals.  They  also  suggest  the  pos¬ 
sible  utility  of  LOS  antigens  as  candidate  vaccines  in  com¬ 
plement-sufficient  individuals,  particularly  in  the  prevention 
of  group  B  meningococcal  disease. 
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All  plasmids  in  bacteria  are  units  which  replicate  indepen¬ 
dently  of  the  bacterial  chromosome,  are  generally  less  than 
L'20  the  size  of  the  bacterial  chromosome,  and  contain  the 
information  for  self-replication.  The  2.6-megadalton  (MDa) 
cryptic  gonococcal  plasmids  were  first  identified  in  the  genus 
Neisseria  in  1972  (13).  Since  cryptic  plasmids  had  no  mea¬ 
surable  phenotype,  they  attracted  little  attention.  The  impor¬ 
tance  of  plasmids  in  Neisseria  spp.  changed  with  the  identi¬ 
fication  of  3-lactamase  plasmids  in  N.  ponorrhoeae  1976 
(12).  These  plasmids  encoded  a  3-lactamase  which  rendered 
the  strains  resistant  to  penicillin,  the  drug  of  choice  for  the 
therapy  of  gonorrhea  at  that  time.  As  a  result,  3-lactamase 
plasmids  had  a  great  influence  on  the  antibiotic  treatment  of 
gonorrhea.  Since  then,  the  indigenous  24.5-MDa  conjugative 
gonococcal  plasmids  have  been  described  and  were  shown 
to  code  for  their  own  conjugal  transfer,  as  well  as  mobilize 
the  small  gonococcal  3-lactamase  plasmids  to  other  N. 
ponorrhoeue  strains  and  Neisseria  species  (10. 16, 17,  21,  27, 
32.  33).  More  recently,  plasmids  containing  resistance  deter¬ 
minants  for  tetracycline,  sulfonamide,  and  other  antibiotics 
have  been  described  for  various  Neisseria  species  (14, 
23-2.'.  28.  29,  37,  38). 

Antibiotic  resistance  plasmids  found  in  the  genus  Neis¬ 
seria  appear  to  be  created  either  by  direct  acquisition  of 
plasmids  from  other  gram-negative  bacteria  or  by  the  trans¬ 
position  of  antibiotic  resistance  genes  into  indigenous 
neisserial  plasmids.  The  3-lactamase  and  RSFlOlO-like  plas¬ 
mids  are  examples  of  direct  acquisition  of  plasmids  from 
other  species  (14,  38),  whereas  the  25.2  MDa  TetM-con- 
taining  plasmid  is  an  example  of  a  composite  plasmid  (28). 

The  presence  of  genetically  related  3-lactamase  plasmids 
in  both  N.  yonorrhoeae  and  Haemophilus  spp.  strongly 
suggested  that  plasmid  exchange  between  these  two  genera 
had  occurred  in  nature  (4-6).  Similarly,  the  presence  of  the 
RSFlOlO-like  plasmids  in  Neisseria  spp.  indicated  that  plas¬ 
mid  exchange  al.so  occurred  between  the  genus  Neisseria 
and  enteric  bacteria  (14.  37.  38).  The  25.2-MDa  plasmid  has 
been  transferred  from  N.  gonorrhoeae .  where  it  appears  to 
have  been  created  (28),  into  clinical  strains  of  N.  meningiti¬ 
dis.  Eikenella  eorrodens.  and  Kingella  denitrificans  (22,  24, 
35).  Experimental  studies  have  confirmed  that  the  25.2-MDa 
plasmid  can  be  transferred  to  these  species  by  conjugation 
under  laboratory  conditions. 

In  this  review.  I  will  describe  the  different  types  of 
plasmids  currently  found  in  the  genus  Neis.seria  and  will 
indicate  whether  related  plasmids  are  found  in  other  genera 
as  well.  A  summary  of  the  plasmids  discussed  in  this  review 
is  given  in  Table  1  Finding  genetically  related  plasmids  in 
both  Neisseria  spp.  and  other  genera  has  helped  to  define  the 
origin  of  many  of  the  neisserial  plasmids  and  has  illustrated 
that  the  plasmids  found  in  Neisseria  spp.  are  directly  related 
to  the  plasmid  load  carried  by  other  bacteria  which  inhabit 
humans.  On  the  basis  of  studies  of  the  plasmids  in  Neisseria 
spp.,  one  may  conclude  that  gene  and  plasmid  exchange  is 
an  ongoing  process  in  nature  and  predict  that  the  number  of 
different  plasmids  and  associated  antibiotic  resistance  genes 
will  increase  in  the  genus  over  time. 


NEISSERIA  PLASMIDS 
Cryptic  Plasmids 

The  cryptic  2.6-MDa  plasmids  from  N.  gonorrhoeae  were 
first  described  in  1972  (13).  In  an  initial  survey,  we  found  that 
96'/(  of  clinical  isolates  of  N.  gonorrhoeae  carried  this 
plasmid  (34).  However,  more  recently,  it  has  been  deter¬ 
mined  that  all  isolates  of  the  proline-,  citrulline-,  and  uracil- 
requiring  auxotype  are  plasmid  free  (8).  The  reason  for  this 
is  unclear;  however,  other  auxotypes  can  also  be  plasmid 
free,  although  these  are  rare. 

The  2.6-MDa  cryptic  plasmid  is  not  correlated  with  the 
virulence  of  the  gonococcal  strains,  pilus  production,  or  the 
pilin  protein,  nor  is  it  associated  with  the  gonococcal  outer 
membrane  proteins  PI,  PII,  or  Pill,  the  immunoglobulin  A1 
protea.ses,  the  37-kDa  iron-regulated  protein,  or  the  receptor 
protein  for  the  iron-retrieving  siderophores  (1,  2,  19).  Thus, 
to  date,  this  plasmid  has  no  known  function,  even  though  the 
complete  nucleotide  sequence  has  been  determined  (26). 
Korch  et  al.  (26)  proposed  a  model  for  the  genetic  organiza¬ 
tion  of  the  plasmid  that  predicted  two  transcriptional  units, 
each  composed  of  five  compactly  spaced  genes.  The  pro¬ 
moter  of  one  of  the  transcriptional  units  was  shown  to 
function  in  Escherichia  coli.  The  products  of  three  of  the  five 
genes  in  this  operon  were  identified  in  minicell  systems.  Two 
genes  in  the  other  transcriptional  unit  were  expressed  in 
minicells  when  transcribed  from  an  E.  coli  promoter. 

It  has  been  suggested  that  large  segments  of  the  2.6-MDa 
plasmid  can  be  integrated  into  the  gonococcal  chromosome 
in  both  plasmid-bearing  and  plasmid-free  strains  (19).  In  a 
few  strains  the  entire  2.6-MDa  plasmid  may  be  integrated 
into  the  chromosome.  A  deletable  region  that  contains 
repeated  sequences  has  been  identified  in  the  plasmid.  It  is 
hypothesized  that  these  repeats  are  involved  in  site-specific 
recombination  with  the  chromosome  and  may  explain  why 
approximately  20%  of  the  clinical  isolates  examined  by 
Hagblom  et  al.  carried  a  deleted  variant  of  the  cryptic 
plasmid  (19). 

Other  Neisseria  spp.  also  carry  cryptic  plasmids  (11,  22, 
30,  42).  In  one  study,  69%  of  the  plasmid-containing  N. 
meningitidis  strains,  33%  of  the  plasmid-containing  N.  lac- 
lamica  strains,  9%  of  the  plasmid-containing  N.  mucosa 
strains,  and  14%  of  the  plasmid-containing  N.  cinerea  strains 
were  shown  to  carry  plasmids  of  various  sizes  that  hybridize 
with  probes  made  from  the  2.6-MDa  plasmids  (22).  A  few 
cryptic  plasmids  which  do  not  share  deoxyribonucleic  acid 
(DNA)  sequences  with  the  2.6-MDa  plasmid  have  also  been 
identified  in  strains  of  N.  meningitidis  (30,  42)  and  other 
commensal  Neisseria  spp.  (10,  16).  The  cryptic  plasmids, 
found  in  other  Neisseria  spp.,  do  not  occur  as  frequently  as 
the  2.6-MDa  gonococcal  plasmid,  and  in  general  they  have 
not  been  as  well  characterized  as  the  2.6-MDa  gonococcal 
plasmid  (11). 

Gonococcal  3-Lactamase  Plasmids 

The  3-lactamase  plasmids  were  first  isolated  in  1976  and 
were  associated  with  strains  from  Africa  and  the  Far  East 
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TABLE  I.  Plasmid  classes  found  in  the  genus  Neisseria 


Plusmid  class 

Species 

Rcference(s) 

Cryptic  (2.6  MDa) 

N .  ponorrhoeae 

13.  19,  26,  .34 

N.  cinerea'' 

22 

N.  laclamiea" 

22 

N.  meninpiiidis" 

22 

N.  mucosa" 

22 

p-Lactamase'’ (2.9,  3.05, 

N.  ponorrhoeae 

4-13,  33.  39.  41. 

3.2,  and  4.4  MDa) 

43 

24..5-MDa  conjugative 

N.  ponorrhoeae 

11.  16,  17,  32-.34 

25.2-MDa  conjugative* 

N.  ponorrhoeae 

23,  25,  28 

N.  meninpiiidis 

24 

RSFIOIO-Iitce*' (4.9,  7.0, 

N.  meninpiiidis 

14,  38 

8.5,  and  9.4  kb) 

N.  mucosa 

29 

N.  siihflava 

29 

N.  sicca 

29 

Ottier  (29  MDa) 

N.  sicca 

Robledano  et  al.. 

abstract 

"  These  species  were  shown  to  carry  plasmids  of  various  sizes  which 
hybridized  with  probes  made  from  the  2.6-MDa  plasmid. 

'■  Related  plasmids  are  found  in  the  genus  Haemophilus  (41. 

'  Identical  plasmids  are  found  in  clinical  isolates  of  K.  denitrifieans  and 
Eikenellu  eorrodens  (24). 

•'  Related  plasmids  are  found  in  enteric  bacteria  and  Eikenetla  eorrodens 
iV). 

(12,  31).  However,  these  plasmids  are  now  endemic  in 
isolates  from  North  America,  the  Caribbean,  and  Europe,  as 
well  as  Africa  and  Asia.  They  carry  a  TEM  p-lactamase 
which  hydrolyzes  the  cyclic  amide  bond  in  the  p-lactam 
molecule  and  inactivates  benzylpenicillin,  ampicillin,  and 
cephaloridine  substrates  but  has  low  activity  against 
isoazolyl  penicillins  such  as  oxacillin  and  methicillin  (20). 
Originally,  two  plasmids  were  recognized  at  4.4  and  3.2 
MDa:  each  carried  the  TEM  p-lactamase  gene  and  40%  of 
TnA  transposon,  which  is  the  most  frequent  p-lactamase- 
encoding  transposon  in  enteric  bacteria  (12,  20,  31).  Re¬ 
cently.  2.9-  and  3.05-MDa  p-lactamase  plasmids  have  been 
described;  these  appear  to  have  been  created  by  independent 
deletions  of  the  4.4-MDa  plasmid  (Fig.  1)  (41,  43).  The  2.9- 
and  3.05-MDa  plasmids  are  not  as  common  as  the  4.4-  or  the 
3.2-MDa  plasmid. 

The  gonococcal  P-lactamase  plasmids  are  genetically  re¬ 
lated  to  small  p-lactamase  plasmids  in  various  Haemophilus 
spp.  (4-6,  31).  These  small  p-lactama.se  plasmids  from  both 
genera  are  highly  related  and  appear  to  represent  a  family  of 
plasmids;  they  differ  from  each  other  by  small  deletions  or 
insertions  in  either  the  TnA  region,  which  encodes  the  TEM 
p-lactamase,  or  the  non-TnA  region  (Fig.  1).  The  data 
indicate  that  these  plasmids  evolved  from  a  single  ancestral 
plasmid  (4,  6.  7,  31).  The  small  p-lactamase  plasmids  com¬ 
monly  found  in  Haemophilus  ducreyi  and  N.  ponorrhoeae 
contain  40  to  100%  of  the  TnA  transposon  sequences.  These 
plasmids  are  less  common  in  both  H.  influenzae  and  H. 
parainfluenzae  (4-6,  31).  The  p-lactamase  gene,  which  con¬ 
tains  less  than  100%  of  the  TnA  transposon.  is  not  transpos- 
able  but  gives  rise  to  a  functional  transposon  when  linked  to 
the  left  2.4-kilobase  (kb)  SumHl  fragment  from  a  complete 
TnA  transposon  (15).  These  reconstructed  transposons  be¬ 
haved  like  complete  TnA  transposons  because  of  their 
transposition  frequencies.  This  suggested  that  the  partial 
transposons  contained  the  inverted  repeats  on  the  rigfit  side 
(IR-R)  of  the  flanking  sequence  and  must  contain  an  intact 
fragment  or  a  transposase  (/rtp/?)-like  gene.  This  supports 


the  hypothesis  that  all  the  TEM  p-lactamase  genes  origi¬ 
nated  from  an  intact  TnA-like  transposon.  DNA  sequence 
analysts  of  the  various  plasmids  has  confirmed  this  hypoth¬ 
esis  and  is  illustrated  in  Fig.  1  (5). 

Gonococcal  p-lactamase  plasmids  may  be  mobilized  ex¬ 
perimentally  to  £’.  coli  or  Haemophilus  spp.  by  a  variety  of 
conjugative  plasmids,  including  those  from  E.  coli,  N.  pon- 
orrhoeae,  or  H.  ducreyi  (4,  10,  16,  18,  27,  32,  33).  However, 
initial  attempts  to  transfer  these  p-lactamase  plasmids  into 
other  Neisseria  spp.  met  with  only  limited  success  (17). 
When  introduced  into  the  commensal  Neisseria  spp.,  the 
p-lactamase  plasmids  were  very  unstable  and  were  quickly 
lost  from  most  of  the  recipient  strains.  In  a  later  study,  Ikeda 
et  al.  (21)  used  the  indigenous  24.5-MDa  plasmid  to  transfer 
the  4.4-MDa  p-lactamase  plasmids  from  N.  ponorrhoeae  to 
strains  of  N.  meninpiiidis. 

Recently,  using  strains  containing  both  the  p-lactamase 
plasmid  and  the  25.2-MDa  tetracycline  resistance  conjuga¬ 
tive  plasmid,  we  mobilized  the  4.4-  and  3.2-MDa  p-lacta¬ 
mase  plasmids  into  a  variety  of  Neisseria  spp.,  including  N. 
meninpiiidis  (36).  A  number  of  the  transconjugants  main¬ 
tained  the  p-lactamase  plasmids  in  the  absence  of  selective 
antibiotic  pressure.  In  all  cases,  the  p-lactamase  plasmid  was 
associated  with  the  25.2-MDa  plasmids  in  the  transconju¬ 
gants.  We  found  that  the  N.  cinerea  transconjugants  were 
exceptions  to  this  generalization  because  when  they  were 
used  as  recipients,  the  p-lactamase  plasmids  were  found 
without  the  25.2-MDa  plasmids  (36).  Recently,  p-lactamase- 
producing  N.  meninpiiidis  strains  have  been  described  (3, 9). 
In  one  case,  the  strain  was  isolated  from  a  mixed  culture 
with  N.  ponorrhoeae  (9),  and  in  the  second  case,  it  was  not 
clear  whether  the  p-lactamase  enzyme  was  located  on  a 
plasmid  or  in  the  chromosome  (3). 

The  small  TEM  p-lactamase  plasmids  have  been  trans¬ 
ferred  into  N.  ponorrhoeae  and  E.  coli  by  transformation 
(31.  39).  Sox  et  al.  (39)  showed  that  25%  of  the  plasmids  in 
the  gonococcal  transformants  had  deletions,  the  most  com¬ 
mon  of  which  was  a  3.2-MDa  plasmid.  It  is  possible  that  the 
various  gonococcal  p-lactamase  plasmids  were  created  by 
deletions  following  transformation  (39). 

The  DNA  sequences  of  the  gonococcal  4.4-  and  3.2-MDa 
p-lactamase  plasmids  and  the  H.  ducreyi  5.7-  and  7.0-MDa 
p-lactamase  plasmids  have  been  determined  (5).  On  the  basis 
of  these  data  and  those  of  Yeung  et  al.  (43)  and  Van  Embden 
et  al.  (41),  a  model  has  been  devised  to  account  for  the 
evolution  of  the  small  TEM  p-lactamase  plasmids  (Fig.  1). 
The  sequence  of  events  hypothesized  for  this  model  is 
shown  by  the  numbers  1  to  9  in  Fig.  1  and  explained  in  detail 
in  the  legend.  Dickgiesser  et  al.  (6)  have  suggested  that  the 
1.8-kb  insertion  found  in  the  4.4-  and  7.0-MDa  plasmids,  but 
not  in  the  5.7-  or  3.4-MDa  plasmids,  is  bounded  by  a  short 
(200-base-pairs)  terminal  inverted  repea't  sequence  and  may 
be  a  bona  fide  insertion  element. 

GONOCOCCAL  CONJUGATIVE  PLASMIDS 

24.5-MDa  Conjugative  Plasmids 

The  24.5-MDa  conjugative  plasmid  was  first  described  in 
1974  (11).  It  has  been  found  in  clinical  strains  of  non¬ 
penicillinase-producing  N.  ponorrhoeae  as  well  as  in  peni¬ 
cillinase-producing  N.  ponorrhoeae  (11,  34).  but  not  in  any 
other  clinical  species.  The  prevalence  of  this  plasmid  varies 
geographically  and  temporally  (34).  In  a  recent  survey  of  five 
geographical  locations  within  the  United  States,  the  number 
of  strains  carrying  the  24.5-MDa  plasmid  varied  from  10  to 
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FIG.  1.  Model  for  the  creation  of  the  small  p-lactamase  plasmids  in  Neisseria  and  Haemophilus  spp.  The  events  numbered  in  the  figure 
are  as  follows.  1:  Transposition  of  a  Tn2-like  transposon  from  an  enteric  plasmid  onto  an  ancestral  Haemophilus  plasmid;  2:  mutation  in  Tn2 
to  replace  a  cytosine  with  a  thymidine  at  base  pair  3773  from  the  IR-L  terminus  of  Tn2  (  »  );  3;  insertion  of  a  1.8-kb  insertion  sequence  distal 
to  IR-L;  4:  deletion  in  the  plasmid  created  in  step  2  to  produce  the  3.2-MDa  N.  gonorrhoeae  plasmid:  5:  mutation  from  cytosine  to  thymidine 
( ♦ )  in  the  noninsert  plasmid  made  in  step  2,  to  form  the  5.7-MDa  H.  ducreyi  plasmid;  6;  independent  deletion  from  the  plasmid  created  in 
step  3,  to  produce  the  4.4-MDa  N.  gonorrhoeae  plasmid;  7:  deletion  of  most  of  the  1.8-kb  insert  and  a  portion  of  the  flanking  sequences  to 
create  the  3.05-MDa  N.  gonorrhoeae  “Toronto”  plasmid;  8;  another,  separate,  deletion  in  the  same  region  of  the  plasmid  to  create  the 
2.9-MDa  N.  gonorrhoeae  “Rio”  plasmid;  9:  mutation  from  guanosine  to  adenosine  at  position  3771  3'  (  +  )  of  the  IR-L  terminus  to  the  form 
the  7.0-MDa  H.  ducreyi  plasmid.  The  4.4-,  3.05-,  2.9-,  and  3.2-MDa  plasmids  have  been  isolated  from  strains  of  N.  gonorrhoeae,  whereas  the 
7.0-  and  .‘i.7-MDa  plasmid  have  been  isolated  from  strains  of  H.  ducreyi.  The  other  plasmids  have  not  been  isolated  and  are  hypothetical.  Data 
are  summarized  from  references  5.  6,  and  43. 


539c  (].  S.  Knapp,  J.  M.  Zenilman,  R.  Rice,  M.  C.  Roberts, 
S.  Mclntire,  and  S.  A.  Morse,  Sex.  Transm.  Dis.,  in  press). 
In  some  cases,  the  24.5-MDa  plasmid  is  the  only  plasmid 
species  present;  however,  it  can  coexist  with  the  2.6-MDa 
and  the  gonococcal  p-lactamase  plasmids  (34). 

The  24.5-MDa  plasmid  carries  no  detectable  markers  for 
antibiotic  resistance,  heavy  metal,  or  ultraviolet  resistance. 
However,  it  efficiently  mobilizes  itself  and  the  smaller  p- 
lactamase  plasmids  between  strains  of  N.  gonorrhoeae  (10, 
32,  33).  When  short  mating  times  are  used,  only  the  p- 
lactamase  plasmids  are  transferred  to  the  recipient,  whereas 
after  overnight  matings,  many  of  the  N.  gonorrhoeae  trans- 
conjugants  carry  both  the  p-lactamase  and  24.5-MDa  plas¬ 
mids  and  can  transfer  both  plasmids  to  other  N.  gonorrhoeae 
strains  (32).  The  24.5-MDa  plasmid  can  also  be  used  to 
mobilize  the  p-lactamase  plasmids  to  other  Neiserria  spp. 
and  coli  (17,  21);  however,  it  is  not  transferred  to  these 


other  species.  Its  host  range  is  very  limited  even  under 
laboratory  conditions,  and  other  than  N.  gonorrhoeae,  only 
certain  strains  of  N.  cinerea  maintain  it  (17). 

The  structures  of  a  limited  number  of  24.5-MDa  plasmids 
have  been  determined;  all  had  similar  restriction  patterns 
and  shared  69  to  100%  of  their  DNA  sequences  with  two 
reference  24.5-MDa  plasmids  (34). 

2S.2-MDa  TetM  Coi\jugative  Plasmids 

The  25.2-MDa  plasmid  was  first  identified  in  a  strain  of  N. 
gonorrhoeae  isolated  in  1982  (25).  By  1985,  a  number  of 
clinical  isolates  in  North  America  and  Europe  carried  this 
plasmid  (23,  35,  28;  M.  C.  Roberts,  J.  H.  T.  Wagenvoort,  B. 
van  Klingeren,  and  J.  S.  Knapp,  Letter,  Antimicrob.  Agents 
Chemother.  32:158, 1988).  At  present,  the  25.2-MDa  plasmid 
appears  to  be  endemic  in  North  America  and  has  been  found 
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in  Great  Britain  and  The  Netherlands.  Most  of  the  strains  in 
The  Netherlands  and  a  few  from  North  America  carry  the 

3.2- MDa  p-lactamase  plasmid  in  addition  to  the  25.5-  and 
2.6-MDa  plasmids  (25;  Roberts  et  al.,  letter).  Recently,  the 
24.5-MDa  conjugative  gonococcal  plasmids  have  been 
shown  to  share  >60%  of  their  DNA  sequences  with  the 

25.2- MDa  plasmids  (28).  These  data  have  led  to  the  hypoth¬ 
esis  that  the  25.2-MDa  plasmid  was  formed  by  the  transpK)- 
sition  of  the  TetM  determinant,  encoding  tetracycline  resis¬ 
tance,  onto  the  24.5-MDa  plasmid.  The  25.2-MDa  plasmids 
have  characteristics  which  differ  from  those  of  the  24.5-MDa 
ancestral  plasmids,  but  they  have  maintained  the  ability  to 
move  themselves  and  the  jJ-lactamase  plasmids  to  recipient 
strains  (36).  The  25.2-MDa  plas....d  has  been  associated  only 
with  the  3.2-MDa  plasmid;  therefore,  it  can  be  hypothesized 
that  the  25.2-MDa  plasmid  was  created  in  an  N.  I’onorrhoeae 
population  which  carries  the  3.2-MDa  plasmid,  such  as  in 
North  America,  Europe,  Africa,  or  the  Caribbean. 

Naturally  occurring  strains  of  N.  meningitidis,  K.  denitri- 
ficans,  and  EikenelUi  corrodens  that  carry  the  25.2-MDa 
plasmid  have  been  identified  in  both  North  America  and 
Great  Britain  (24,  40);  these  species  do  not  normally  harbor 
the  indigenous  24.5-MDa  plasmid,  and  attempts  to  introduce 
this  plasmid  into  strains  of  N.  meningitidis  and  other  Neis¬ 
seria  spp.  have  generally  been  unsuccessful  (17).  However, 
it  has  been  shown  experimentally  that  the  25.2-MDa  plas¬ 
mids  may  be  transferred  by  conjugation,  maintained,  and 
transferred  back  to  N.  gonarriioeae  from  N.  meningitidis,  as 
well  as  to  the  other  Neisseria  spp.  tested  (35). 

Both  the  24.5-  and  the  25.2-MDa  plasmids  can  mobilize 
the  gonococcal  4.4-  and  3.2-MDa  p-lactamase  plasmids  to  a 
variety  of  bacterial  species.  However,  when  the  24.5-MDa 
plasmid  is  used  to  mobilize  the  p-lactamase  plasmids,  only 
N.  gonorrhoeae  and  some  of  the  N.  cinerea  transconjugants 
receive  or  maintain  the  24.5-MDa  plasmid  (17).  When  the 

25.2-MDa  plasmid  was  used  to  mobilize  the  p-lactamase 
plasmids,  all  transconjugants,  with  the  exception  of  some  N. 
cinerea  recipients,  acquired  and  maintained  the  25.2-MDa 
plasmid,  whereas  fewer  transconjugants  acquired  the  p- 
lactamase  plasmid  (36).  Thus,  the  25.2-MDa  plasmid  differs 
from  the  ancestral  24.5-MDa  plasmid  by  its  wide  natural  host 
range,  while  retaining  its  ability  to  mobilize  the  p-lactamase 
plasmids  between  strains.  It  is  not  known  whether  the  ability 
of  the  25.2-MDa  plasmid  to  transfer  to  many  bacterial 
species  is  due  to  the  direct  influence  of  the  TetM  genes,  or 
whether  the  TetM  determinant  was  inserted  into  the  24.5- 
MDa  plasmid  in  such  a  way  that  it  has  altered  or  deleted 
DNA  sequences  that  previously  restricted  the  ability  of  the 
24.5-MDa  plasmid  to  be  accepted  or  maintained  in  other 
bacterial  species. 

RSFIOIO-Like  Plasmids 

Recently,  a  new  group  of  plasmids  ranging  in  size  from  4.9 
to  9.4  MDa  has  been  described  for  N.  meningitidis.  N. 
mucosa.  N.  suhfiava.  and  N.  sicca  (14.  29,  38),  These 
plasmids  are  genetically  related  to  the  enteric  plasmid 
RSFlOlO  which  is  an  IncQ(P-4)  plasmid  that  encodes  strep¬ 
tomycin  and  sulfonamide  resistance  owing  to  the  production 
of  a  streptomycin  phosphotransferase  and  sulfonamide-re¬ 
sistant  dihydropteroate  synthetase  (14.  38).  A  related  plas¬ 
mid  has  also  been  found  in  Eikenella  corrodens  (37).  Some  of 
these  plasmids  specify  resistance  to  sulfonamide  alone, 
whereas  others  specify  resistance  to  penicillin,  streptomy¬ 
cin,  and  sulfonamide  (14,  29.  37,  38).  In  some  cases,  the 
relationship  of  the  Neisseria  plasmids  to  the  ancestral 


RSFlOlO  plasmid  has  been  based  on  DNA  homology  with 
the  RSFlOlO  plasmid,  including  the  antibiotic  resistance 
region  as  well  as  regions  outside  the  antibiotic  resistance 
genes  (29,  37,  38).  In  other  cases,  the  relationship  between 
(he  Neisseria  plasmids  has  been  based  on  more  circumstan¬ 
tial  data,  such  as  similarities  between  the  proteins  encoded 
by  the  antibiotic  resistance  genes  (14). 

Plasmids  encoding  streptomycin,  sulfonamide,  and  TEM- 
type  p-lactamase  resistance  have  been  isolated  from  N. 
mucosa,  N.  suhfiava,  N.  sicca,  and  Eikenella  corrodens  (29, 
37,  38),  whereas  plasmids  specifying  resistance  to  sulfon¬ 
amide  alone  have  been  found  in  N.  meningitidis  strains  (14). 
All  of  the  multiresistance  plasmids  can  be  transferred  by 
transformation  and  maintained  in  E.  coli  (29.  37,  38).  The  N. 
meningitidis  sulfonamide  resistance  plasmid  has  been  trans¬ 
ferred  by  transformation  and  maintained  in  N.  gonorrhoeae 
(14).  This  sulfonamide  resistance  plasmid  may  have  been 
created  (by  the  deletion  of  the  streptomycin  gene)  from 
RSFlOlO  and  then  introduced  into  N.  meningitidis.  How¬ 
ever,  the  N.  meningitidis  plasmid  is  larger  than  the  RSFlOlO 
ancestral  plasmid,  suggesting  that  it  may  have  been  created 
by  a  deletion  of  the  streptomycin  gene  froni  RSFlOlO 
followed  by  the  insertion  of  other  sequences  or  by  the 
duplication  of  existing  sequences  (14). 

The  data  obtained  by  several  investigators  suggest  that  the 
multiresistance  plasmids  carrying  streptomycin,  sulfon¬ 
amide.  and  TEM  p-lactamase  (14,  38)  were  created  by  the 
transposition  of  TnA  onto  RSFlOlO.  These  plasmids  were 
subsequently  spread,  by  mobilization  or  transformation,  to 
other  bacterial  strains.  The  fact  that  the  transposition  ofTni 
onto  RSFlOlO-related  plasmids  occurs  under  laboratory 
conditions  would  support  this  hypothesis  (20).  However, 
there  are  differences  between  the  naturally  occurring  plas¬ 
mids  and  those  created  in  the  laboratory.  The  laboratory- 
created  plasmids  carry  the  whole  Tni  transposon.  whereas 
the  naturally  occurring  plasmids  do  not  (20).  The  possession 
of  an  incomplete  TnJ-like  segment  by  the  multiresistance 
plasmids  found  in  commensal  Neisseria  species  is  the  only 
similarity  between  them  and  the  gonococcal  p-lactamase 
plasmids. 

Other  Plasmids 

Robledanoet  al.  (L.  Robledano,  M.  J.  Rivera,  P.  Madero, 
M.  A.  Marco,  I.  Otal.  M.  C.  Aqudo  and  R.  Gomez-Lus, 
Abstr.  5th  Int.  Congr.  Chemother.  1987)  reported  the  pres¬ 
ence  of  a  29-MDa  plasmid  coding  for  ampicillin,  tetracycline, 
streptomycin,  kanamycin,  neomycin  and  lividomycin  resis¬ 
tance  in  a  strain  of  N.  sicca.  The  plasmid  coded  for  two 
aminoglycoside-modifying  enzymes.  APH(3”)  and  APH(3’). 
This  plasmid  was  conjugally  transferred  to  an  N.  sicca  but 
not  to  an  E.  coli  recipient  strain,  suggesting  that  it  was  not  of 
enteric  origin.  The  genetic  relationship  of  this  plasmid  to 
other  Nei.s.seria  plasmids  has  not  been  determined,  and,  as  a 
result,  the  origin  of  this  plasmid  is  unclear. 

CONCLUSIONS 

The  2.6-  and  24.5-MDa  plasmids  have  been  found  in 
isolates  of  N.  gonorrhoeae  preserved  since  the  1940s  (34).  In 
contrast,  plasmids  carrying  antibiotic  resistance  genes  are 
relatively  new;  the  p-lactamase  plasmids  appeared  in  the 
1970s  (12)  and  the  TetM-containing  plasmids  in  the  1980s 
(25).  Most  of  the  antibiotic  resistance  genes  that  have  spread 
into  Nei.s.seria  spp.  are  associated  with  transposons.  These 
determinants  can  either  be  introduced  into  new  species  on 
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plasmids  capable  of  being  maintained  in  the  host,  such  as  the 
broad-host-range  enteric  RSFlOlO-likc  plasmid  or  the  Hue- 
nwphilus  (i-lactamase  plasmid,  or  be  integrated  into  indige¬ 
nous  host  plasmids  as  seen  with  the  2.‘'.2-MDa  plasmid.  In 
either  case,  once  the  R  factor  is  created  or  introduced,  it  can 
then  be  spread  by  conjugation  or  mobilization  to  other 
strains,  other  species  within  the  same  genus,  and  other 
genera  of  bacteria.  Transformation  may  play  a  role  in 
plasmid  spread  between  strains,  because  many  of  the  plas¬ 
mids  discussed  above  have  been  experimentally  transferred 
to  various  hosts  by  transformation  (39).  However,  deletions 
often  appear  in  these  plasmids  during  transformation,  and 
the  frequency  of  transfer  by  transformation  is  usually  signif¬ 
icantly  lower  than  the  frequency  of  transfer  by  conjugation 
(39). 

Gene  spread  has  also  occurred  in  the  genus  Neisseria  as  a 
result  of  the  transfer  of  antibiotic  resistance  genes  associated 
with  the  conjugative  transposon,  TetM  (24).  Clinical  isolates 
of  commensal  Neisseria  species  have  been  isolated  that  have 
the  TetM  determinant  integrated  into  their  chromosome  (24). 
The  fact  that  commensal  Neisseria  spp.  can  acquire  and 
maintain  the  25.2-MDa  plasmid  if  given  the  opportunity  (35) 
suggests  that  the  commensal  Neisseria  strains  have  not 
acquired  the  TetM  determinant  from  N.  ponorrlweae  but 
rather  from  other  bacterial  species.  This  would  explain  why 
in  the  laboratory  the  25.2-MDa  plasmid  is  stable  in  the 
commensal  Neisseria  spp.  but  all  the  natural  clinical  isolates 
carry  the  TetM  determinant  in  the  chromosome. 

The  RSFlOlO-like  plasmids,  in  general,  appear  to  be  rather 
limited  in  their  geographical  distribution:  this  may  be  be¬ 
cause  very  few  investigators  have  examined  commensal 
Neisseria  spp.  for  antibiotic  resistance  genes.  The  recent 
observation  that  the  RSFlOlO-like  plasmids  can  carry  not 
only  the  sulfonamide-resistant  dihydropteroate  synthetase 
and  streptomycin  phosphotransferase  (normally  associated 
with  this  plasmid)  but  also  the  TEM  p-lactamase  is  of 
interest.  The  RSFlOlO-like  plasmids  are  the  first  multiresis¬ 
tance  plasmid  group  found  in  Neisseria  spp.  The  versatility 
in  the  number  of  antibiotic  resistance  genes  which  the 
RSFlOlO-like  plasmid  can  carry  is  unique  among  the  neisse- 
rial  plasmids.  In  addition,  these  plasmids  are  found  in  a 
number  of  different  species.  Since  the  RSFlOlO-like  plasmid 
has  already  been  found  in  N.  meningitidis,  it  is  very  possible 
that  this  plasmid  group  will  be  disseminated  to  N.  ponor- 
rhoeae:  therefore,  more  work  to  characterize  this  plasmid 
family  should  be  done. 

The  number  of  plasmids  carrying  antibiotic  resistance 
genes  has  increased  in  the  genus  Neisseria  over  the  past  10 
years.  This  increase  is  due  not  only  to  an  increase  in  the 
number  of  strains  carrying  the  previously  described  plas¬ 
mids,  but  also  to  the  identification  of  new  plasmids  carrying 
a  number  of  different  antibiotic  resistance  determinants  in 
various  commensal  Neisseria  spp.  The  antibiotic  resistance 
genes  currently  found  have  all  been  identified  in  other 
bacterial  genera,  usually  enteric  species,  and,  with  the 
exception  of  the  TetM  determinant,  all  plasmids  carrying 
antibiotic  resistance  genes  appear  to  have  originated  in  other 
gram-negative  bacteria.  The  TetM  determinant  appears  to 
have  originated  in  gram-positive  streptococci  (28).  It  might 
be  anticipated  that  when  the  prevalence  of  plasmids  and 
antibiotic  resistance  genes  increases  in  other  bacteria,  espe¬ 
cially  the  enteric  species,  it  may  lead  to  the  transfer  of  these 
plasmids  and  antibiotic  resistance  genes  to  Neisseria  spp.  It 
is  important,  therefore,  to  continue  screening  isolates  of 
both  pathogenic  and  nonpathogenic  Neisseria  spp,  for  anti¬ 
biotic  resistance  and  then  to  determine  whether  the  resis¬ 


tance  is  due  to  the  acquisition  of  new  genetic  material  or  to 
chromosomal  mutation.  The  commen.sal  species  have  been 
shown  to  carry  multiresistance  plasmids  and  may  act  as 
reservoirs  for  plasmids  and  antibiotic  resistance  genes  that 
might  be  transferred  to  the  pathogenic  Neisseria  species  at  a 
later  date.  Antimicrobial  therapy  for  gonorrhea  and  menin¬ 
gitis  may  be  more  complicated  in  the  future  if  these  multire¬ 
sistance  plasmids  become  established  in  the  pathogenic 
Neisseria  spp. 
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The  ability  of  bacteria  to  e.vchange  deoxyribonucleic  acid 
(DNA)  endows  these  organisms  with  greater  genetic  vari¬ 
ability  and  increased  capability  to  adapt  to  changing  envi¬ 
ronments.  Many  bacteria  have  evolved  transformation  and 
conjugation  systems  to  eftect  this  exchange,  whereas  others 
achieve  it  through  the  action  of  bacteriophages.  In  Neisseria 
ponorrhoeae  no  transducing  bacteriophages  have  been  iden¬ 
tified,  but  conjugation  and  transformation  both  occur  (10). 
Gonococci  are  extremely  autolytic  and  therefore  release 
DNA  to  neighboring  cells  (19).  Transformation  with  chro¬ 
mosomal  markers  has  been  demonstrated  between  strains  in 
laboratory-grown  mixed  cultures  (32);  similar  transformation 
probably  occurs  in  nature.  Quite  recently,  antigenic  and 
phase  variation  of  gonococcal  pili  has  been  shown  to  be  due 
in  large  part  to  release  of  DNA  from  autolyzing  cells,  with 
subsequent  transformation  of  other  competent  cells  in  the 
population  by  variant  pil  sequences  (32a;  C.  Haas  and  T. 
Meyer,  personal  communication).  Gonococcal  transforma¬ 
tion  has  been  studied  extensively  and  has  proven  useful  in 
the  construction  of  isogenic  strains  for  mapping  antibiotic 
resistance  genes  and  biosynthetic  auxotrophs.  and  in  studies 
of  molecules  implicated  in  the  virulence  of  this  organism  (10. 
34).  Conjugation  in  N.  ponorrhoeae  is  important  because  it 
results  in  mobilization  of  antibiotic  resistance  plasmids,  but 
chromosomal  genes  cannot  be  transferred  by  conjugation  (3. 
10.  27,  31.  37,  44).  Thus,  in  the  laboratory  and  in  nature, 
transformation  is  the  primary  means  of  transfer  of  chromo¬ 
somal  genes. 

In  this  brief  review  ,  mechanisms  of  gene  exchange  will  be 
emphasized,  and  some  speculative  comments  on  possible 
future  developments  are  included. 

TRANSFORMATION 

Many  bacteria  are  competent  for  the  adsorption  and 
uptake  of  free  DNA  (36).  Competence  is  defined  as  the 
ability  to  take  up  DNA  into  a  deoxyribonuclease-resistant 
form,  and  it  usually  occurs  only  under  special  environmental 
conditions  or  in  certain  growth  phases  (7,  39).  N.  gonor- 
rhocae  is  unique  in  that  it  is  constitutively  competent  at  all 
phases  of  growth.  The  uptake  of  both  plasmid  and  chromo¬ 
somal  DNA  by  gonococci  is  dependent  only  on  the  presence 
of  glucose,  as  well  as  monovalent  or  divalent  cations,  in  the 
medium  (6).  Competence  is  restricted,  however,  to  piliated 
organisms  (38)  or  to  certain  organisms  that  produce  pilin 
subunits  (Haas  and  Meyer,  personal  communication).  Loss 
of  pili  occurs  readily  in  vitro,  and  most  nonpiliated  variants 
that  have  been  studied  are  reduced  in  competence  by  at  (east 
a  factor  of  It)"'  compared  with  piliated  cells  (10,  21.  38.  .39). 

The  first  step  in  transformation  is  the  binding  of  DNA  to 
the  cell  surface.  Although  gonococci  bind  both  homologous 
and  heterologous  DNA.  only  homologous  DNA  is  taken  up 
into  a  deoxyribonuclease-resistant  form  (14).  The  entry  of 
plasmid  and  chromosomal  DNAs  appears  to  share  an  initial 
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binding  step  at  the  cell  surface,  since  uptake  of  plasmid  DNA 
can  be  competitively  inhibited  by  the  presence  of  exogenous 
chromosomal  DNA  (18).  Putative  surface  receptors  which 
may  be  involved  in  the  specific  recognition  and  binding  of 
homologous  DNA  have  not  been  identified  yet.  The  very 
close  correlation  between  piliation  and  competence  suggests 
that  pili  might  be  involved  in  DNA  uptake,  but  there  is  no 
evidence  that  pili  bind  DNA  in  vitro  (26).  Moreover,  neither 
purified  pili  nor  anti-pilus  antibodies  block  transformation  by 
limiting  concentrations  of  DNA  (26;  G.  Biswas.  N.  Guerina. 
C.  Brinton.  and  P.  F.  Sparling,  unpublished  data). 

To  better  understand  mechanisms  of  transformation,  we 
have  studied  transformation-deficient  mutants.  Two  mutants 
designated  dud  (DNA  uptake  deficient)  were  identified  fol¬ 
lowing  chemical  mutagenesis  and  are  normally  piliated  as 
seen  under  the  electron  microscope  but  are  unable  to  take  up 
DNA  (6a).  This  indicates  that  pili  may  not  be  sufficient  for 
specifying  DNA  uptake  in  gonococci,  although  data  are 
insufficient  to  rule  out  a  minor  structural  change  in  pilin  in 
these  strains.  Interestingly.  Klimpel  and  Clark  recently 
reported  that  phase  variation  of  pili  is  correlated  with  altered 
expression  of  several  cytoplasmic  and  membrane-bound 
proteins  (23).  It  is  possible  that  one  or  more  of  these  are 
competence  related.  Further  study  of  the  dud  lesion  may  aid 
In  the  identification  of  proteins  involved  in  DNA  uptake. 

In  addition  to  the  differences  in  internalization  of  homol¬ 
ogous  and  heterologous  DNA,  some  gonococcal  DNA  se¬ 
quences  are  internalized  more  efficiently  than  others.  Graves 
et  al.  studied  the  uptake  of  fragments  of  pFAlO,  a  cointe¬ 
grate  plasmid  composed  of  the  heterologous  penicillin  resis¬ 
tance  plasmid  pFA3  and  the  gonococcal  cryptic  plasmid 
pFAl  (18).  Single  Mspl  or  Tacfl  restriction  endonuclease 
fragments  derived  from  the  pFAl  portion  of  pFAlO  were 
preferentially  internalized,  suggesting  the  presence  of  spe¬ 
cific  uptake  sequences,  as  has  been  shown  in  Haemophilus 
influenzae  (12.  16,  35).  Burnstein  et  al.  noted  that  two 
uptake-preferred  fragments  of  pFAl  shared  a  10-base-pair 
(bp)  sequence  (5’-GATGCTCTGT-3')  (9).  However,  this 
sequence  was  not  sufficient  to  specify  high-frequency  uptake 
of  a  pBR322  derivative  into  which  it  was  inserted.  More 
recently.  Goodman  and  Scocca  identified  chromosomal 
DNA  fragments  of  N.  ponorrhocae  which  were  able  to 
competitively  inhibit  transformation  (17).  A  10-bp  sequence 
(5'-(3CCGTCTGAA-3')  was  common  to  such  fragments  and 
was  sufficient  to  competitively  inhibit  transformation  when 
cloned  into  the  noncompeting  pBR322.  Thus,  similar  to  the 
ll-bp  recognition  sequence  responsible  for  DNA  uptake  in 
//.  influenzae,  there  is  a  short  DNA  sequence  in  N.  ponor- 
rhoeae  which  appears  to  be  involved  in  recognition  of 
gonococcal  DNA.  It  is  interesting  that  the  gonococcal  rec¬ 
ognition  sequences  identified  by  Goodman  and  Scocca  are 
contained  within  the  transcriptional  termination  sequences 
of  the  opaE!  and  immunoglobulin  A  protease  genes,  as  well 
as  three  unidentified  genes.  This  may  be  a  general  phenom¬ 
enon  and  may  suggest  a  mechanism  by  which  this  compo- 
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nent  of  the  DNA  uptake  apparatus  has  evolved  and  is 
preserved. 

Transforming  chromosomal  DNA  enters  the  gonococcal 
cell  as  a  double-stranded  molecule  and  remains  principally 
double  stranded  inside  the  cell  until  homologous  recombina¬ 
tion  results  in  transformation  (8).  There  is  no  eclipse  of 
biological  activity  of  donor  DNA  during  entry  or  for  60  min 
thereafter,  which  strongly  favors  the  hypothesis  that  the 
donor  DNA  retains  the  double-stranded  form,  since  single- 
stranded  donor  DN.A  has  very  little  activity.  Moreover, 
newly  introduced  DNA  fractionates  with  labeled  double- 
stranded  DNA  molecules  when  subjected  to  CsCI  isopycnic 
centrifugation.  In  these  respects  also  the  gonococcal  trans¬ 
formation  system  is  similar  to  H.  influenzae  (28.  45).  It  is  not 
known  whether  DNA  enters  through  specialized  surface 
structures  similar  to  the  transformasomes  reported  in  H. 
influenzae  (1.  20). 

When  circular  plasmid  DNA  from  an  isogenic  strain  is 
used  in  transformation,  a  substantial  proportion  of  the  trans¬ 
formants  contain  plasmids  which  are  either  larger  or  smaller 
than  the  transforming  plasmid.  Studies  with  the  hybrid 
plasmid  pFA14  have  helped  to  elucidate  the  mechanism  by 
which  entering  plasmid  DNA  becomes  stabilized  (6).  This 
plasmid  is  a  42-kilobase  hybrid  composed  of  the  p-lactamase 
(ApT  plasmid  pFA3  and  the  gonococcal  conjugative  plasmid 
pFA2.  Circular  pFA14  ordinarily  is  cleaved  to  many  small 
fragments  during  entry,  and  plasmids  recovered  from  rare 
transformants  invariably  contain  deletions.  If  the  recipient 
contains  the  homologous  replicon  pFA2.  however.  pFA14 
results  in  abundant  Ap'  transformants,  and  no  deletions  are 
observed  among  plasmids  recovered  from  transformants. 
The  ability  of  pFA14  to  transform  pFA2-containing  recipi¬ 
ents  is  thought  to  be  due  to  marker  rescue  of  fragmented 
pFA14  by  the  resident  pFA2.  Similarly.  pFAlO  (pFA3- 
pFAl)  transforms  pF.Al-containing  strains  at  least  10-fold 
more  efficiently  than  it  transforms  plasmid-free  recipients 
(5).  Thus,  following  linearization  of  plasmid  DNA  during 
entry  and  random  cleavage  to  smaller  fragments,  the  frag¬ 
ments  are  either  religated  to  form  deleted  plasmids  (an 
infrequent  event)  or  rescued  by  homologous  recombination 
with  resident  (plasmid)  DNA  (4.  6).  This  probably  requires 
the  gonococcal  Rec  function,  since  Rec  strains  are  non- 
transformable  with  plasmid  (or  chromosomal)  DNA  (24:  M. 
Koomey.  personal  communication).  The  cleavage  of  enter¬ 
ing  DNA  is  not  mediated  by  a  restriction  endonuclease, 
since  these  results  were  obtained  in  entirely  isogenic  back¬ 
grounds. 

/V.  fzonarrliaeae  produces  at  least  five  different  restriction 
enzymes  and  eleven  different  methylases  (13.  25).  A  screen¬ 
ing  of  30  gonococcal  isolates  revealed  that  all  but  one  had 
methylase  activity,  and  about  half  produced  detectable  re¬ 
striction  enzymes  (41).  These  restriction  modification  sys¬ 
tems  probably  play  an  integral  role  in  the  survival  of  trans¬ 
forming  DNA.  although  methylation  does  not  affect  the 
uptake  of  DNA  into  the  cell  (9.  18).  Stein  et  al.  showed  (hat 
a  plasmid  (pFT180)  isolated  from  a  nonmethylating  strain 
(WR3()2)  was  unable  to  transform  an  NgoII-producing  strain 
)Pgh3-2).  while  pFT180  isolated  from  Pgh3-2  transformed 
Pgh3-2  very  well  (40).  Prior  in  vitro  methylation  with  ftaeWl 
methylase  of  pFTlSO  isolated  from  WR3()2  enabled  this 
plasmid  to  transform  Pgh3-2  with  more  than  1.000-fold 
greater  efficiency.  Thus,  as  with  Eseheriehia  coli  and  prob¬ 
ably  many  other  bacteria.  /V.  iionorrhneae  appears  to  control 
the  influ.x  of  DNA  in  part  by  recognizing  methylation  pat¬ 
terns  and  restricting  those  deemed  to  be  foreign. 


tiHNF  IRANSFKR  IN  N.  (iONORRHOEAE  S2.S 

CONJUGATION 

Plasmids  such  as  pFA3.  which  are  not  conjugally  profi¬ 
cient.  can  be  mobilized  for  conjugal  transfer  by  36-kilobase 
plasmids  such  as  pFA2  (2.  3.  10.  22,  30,  37).  Gonococcal 
conjugation  mediated  by  pFA2  is  extremely  efficient,  since 
under  optimal  conditions  nearly  1009f  of  conjugation  donors 
may  transfer  the  Ap''  plasmid  pFA3  to  recipients  in  a  90-min 
filter  mating  (3).  This  suggests  that  the  pFA2-mediated 
system  is  naturally  derepressed.  It  does  not  appear  to 
mobilize  chromosomal  markers,  however.  Host  factors  are 
critical  in  conjugal  efficiency.  Maxima!  conjugation  effi¬ 
ciency  was  observed  when  derivatives  of  the  gonococcal 
strain  F62  were  used  as  recipients.  Matings  between  unre¬ 
lated  gonococcal  strains  often  resulted  in  transfer  efficiencies 
1,000-fold  lower  than  those  involving  isogenic  strains.  This 
does  not  appear  to  be  an  effect  of  restriction  modification 
systems,  since  transfer  of  the  R-group  plasmid  pFT6  was 
relatively  unaffected  by  restriction  modification  differences 
between  the  conjugation  donor  and  recipient  (40,  41).  It  is 
possible  that  the  reduced  efficiency  of  interstrain  conjugation 
is  due  to  differences  in  surface  components  required  for 
stable  mating  pair  formation. 

Little  is  known  about  the  physical  aspects  of  gonococcal 
conjugation.  Cell-to-cell  contact  is  required;  this  contact 
does  not  appear  to  be  pilus  mediated,  since  mating  pair 
formation  is  unaffected  by  the  state  of  piliation  (15).  The 
presence  of  the  28-kilodalton  form  of  outer  membrane  pro¬ 
tein  PlI  in  either  parent  reduced  the  conjugal  transfer  of 
pFA3  (3).  Other  outer  membrane  components,  which  may  be 
intimately  involved  in  mating  pair  formation  or  in  actual 
DNA  transfer,  have  not  been  identified.  In  £.  coli  conjuga¬ 
tion.  DNA  is  transferred  as  a  single-stranded  hnolecule.  That 
this  may  also  be  so  in  N.  Ronorrhoeae  is  supported  by  the 
similar  mating  efficiencies  between  isogenic  strains  or  strains 
differing  with  respect  to  their  restriction  modification  sys¬ 
tems,  Recipient  restriction  endonucleases  would  be  ex¬ 
pected  to  have  little  effect  on  entering  single-stranded  DNA. 

TRANSFER  OF  CLONED  GENES  INTO  GONOCOCCI 

As  more  gonococcal  genes  are  cloned  and  as  techniques 
for  the  deliberate  mutation  of  these  genes  in  E.  coli  are 
developed,  it  becomes  increasingly  important  to  be  able  to 
return  this  DNA  to  N.  f>onorrlu>eae  for  examination  of  gene 
function.  Few  studies  have  been  published  with  the  trans¬ 
formation  of  N.  fionorrhoeae  with  gonococcal  DNA  cloned 
into  E.  coli.  The  first  reports  of  success  were  by  Koomey 
and  colleagues,  who  used  insertions  of  the  hla  ((3-lactamase) 
gene  to  inactivate  the  gonococcal  IgA  protease  (24a)  and  the 
recA  genes  (24):  selection  for  Ap'^  transformants  resulted  in 
allelic  replacement  of  the  wild-type  gene  by  the  mutated, 
cloned  gene.  Stein  et  al.  used  the  shuttle  vector  pLES2  to 
clone  a  gonococcal  proline-biosynthetic  gene  in  E.  coli:  this 
construction  transforms  gonococci  efficiently  and  exists  sta¬ 
bly.  either  integrated  into  the  host  chromosome  or  as  an 
autonomously  replicating  plasmid  (42.  43;  G.  Biswas  and 
P.  F.  Sparling,  unpublished  data). 

Attempts  to  elucidate  the  functions  of  gonococcal  genes 
are  aided  by  recent  mutagenesis  techniques.  Since  trans- 
posons  have  not  been  demonstrated  in  gonococci,  a  system 
for  introducing  transposon  insertions  into  gonococcal  genes 
cloned  into  E.  coli  was  developed  by  Seifert  et  al.  (33).  A 
gene  encoding  chloramphenicol  acetyltransferase  icui)  was 
inserted  into  a  Tn.?  derivative  lacking  sequences  coding  for 
the  (rnnv-acting  factors  necessary  to  transpose.  This  mini- 
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transposon  (rnTn-Ccn/)  can  he  induced  to  insert  into  cloned 
gonococcal  genes  by  providing  transposase  and  resolvase 
functions  in  E.  coU,  in  a  vector  constructed  so  that  the  great 
majority  of  viable  transposon  insertions  occur  within  the 
cloned  DNA.  The  resulting  ((/r-marked  DNA  is  then  re¬ 
turned  to  the  gonococcus  by  transformation  and  selection  of 
chloramphenicol-resistant  (Cm'^)  transformants.  Transpo- 
son-mutagenized  DNA  replaces  the  wild-type  chromosomal 
allele  by  homologous  recombination.  This  allows  the  con¬ 
struction  of  isogenic  strains,  differing  only  in  the  functional 
presence  of  the  gene  of  interest.  This  system,  termed  shuttle 
mutagenesis,  is  being  used  with  success  in  several  laborato¬ 
ries.  The  only  other  available  system  at  present  to  perform 
similar  experiments  involves  the  use  of  the  p-lactamase  (/»/«) 
gene  of  TnJ  (24.  24a).  However,  cat  results  in  significant 
chloramphenicol  resistance  when  present  in  single  copy  in 
the  gonococcal  chromosome,  whereas  hla  results  in  very  low 
ampicillin  or  penicillin  resistance;  thus,  mTnJ-c«/  is  pre¬ 
ferred. 

We  have  examined  the  fate  of  cloned  gonococcal  DNA 
when  a  recombinant  plasmid  is  introduced  into  gonococci 
from  E.  coli  by  either  transformation  or  conjugation.  For 
these  studies,  we  placed  an  rnTni-crir  transposon  adjacent  to 
a  portion  of  a  cloned  gonococcal  PI  A  gene  (11)  in  the  shuttle 
vector  pLES2.  This  plasmid  (pUNCH102)  can  be  trans¬ 
formed  as  an  intact  (circular)  molecule  from  E.  coli  into 
gonococci  or  mobilized  by  incompatibility  group  P  (IncP) 
plasmids  such  as  pRK2013  for  transfer  into  gonococci  (our 
unpublished  data).  Similar  conjugation  experiments  have 
been  performed  by  others  (29).  The  efficiency  of  gonococcal 
transformation  by  pUNCHI02  prepared  in  E.  coli  was  strain 
dependent.  The  highest  efficiency  of  transformation  was 
obtained  with  strain  F62.  whereas  with  strains  FAI9  and 
MSll  it  was  much  lower.  It  is  possible  that  this  was  due  to 
differences  in  restriction  endonucleases  in  these  strains. 
Furthermore,  all  Cm"  transformants  contained  pUNCH102 
integrated  into  the  host  chromosome,  including  at  least  a 
portion  of  the  pLES2  vector  (G.  Biswas,  N.  Carbonetti,  and 
P.  F.  Sparling,  unpublished  data).  The  efficiency  of 
pRK2013-  mobilized  transferor  pUNCH102  from  E.  coli  also 
was  recipient  strain  dependent,  with  F62  again  being  the 
most  efficient.  As  many  as  10%  of  donor  E.  coli  cells 
transferred  pUNCH102  conjugally  to  F62.  whereas  transfor¬ 
mation  resulted  in  much  lower  transfer  frequencies  (ca. 
10  "’).  Most  Cm"  transconjugants  contained  autonomously 
replicating  plasmids  identical  in  size  to  pUNCH102.  and 
there  was  little  evidence  for  integration  of  insert  or  vector 
sequences  into  the  chromosome.  By  probing  Southern  trans¬ 
fers  of  restriction  digests  of  the  transconjugants  either  with 
an  oligonucleotide  specific  for  PIA  or  with  a  probe  for  car. 
we  searched  for  evidence  of  exchange  of  DNA  between  the 
chromosome  and  the  plasmid,  but  found  no  evidence  of 
allelic  exchange  between  plasmid  and  chromosome  (Biswas 
et  al..  unpublished  data).  Cloned  gonococcal  proline  biosyn¬ 
thesis  genes  also  have  been  returned  to  gonococcal  cells  by 
conjugation,  and  this  therefore  appears  to  be  an  attractive 
means  of  avoiding  the  problems  caused  by  host  restriction 
modification.  Since  conjugal  transfer  is  very  efficient,  and 
insert  DNA  appears  to  be  relatively  stable  on  the  introduced 
recombinant  plasmid,  this  system  may  prove  useful  in  clon¬ 
ing  genes  by  mobilization  of  a  whole  library  from  E.  coli  into 
gonococci.  Tiiis  may  be  particularly  useful  if  there  is  a 
positive  selection  for  the  gene  of  interest. 

In  addition.  IncP  plasmid-mediated  conjugation  may  lead 
to  the  development  of  transposon  mutagenesis  systems 
within  /V.  ttonorrhoeae .  Mutagenesis  with  transposons  on 


suicide  vectors  via  IncP  conjugation  has  been  successful  in 
other  gram-negative  bacteria.  A  similar  gonococcal  system 
may  be  possible  by  using  the  easily  selectable  cat  marker. 
We  are  constructing  a  chloramphenicol-resistant  derivative 
of  the  transposon  TnJ  (Tn5-f«r)  placed  on  a  plasmid  which 
can  be  mobilized  into  gonococci  by  an  IncP  plasmid,  but 
which  is  unable  to  replicate  in  gonococci  (N.  Carbonetti.  V. 
Simnad.  and  P.  F.  Sparling,  unpublished  data).  Presumably, 
Cm"  survivors  would  contain  Ta5-ca/  transposed  from  the 
introduced  plasmid  into  the  host  chromosome.  It  is  not  yet 
clear  that  this  strategy  will  work  in  gonococci,  but  the  effort 
is  worthwhile  because  of  the  quantum  leap  such  a  system 
would  provide  for  students  of  gonococcal  biology. 

When  different  fragments  of  gonococcal  DNA  marked  by 
mTni-t'fl/  prepared  in  E.  coli  were  linearized  and  returned  to 
gonococci  by  transformation.  Cm"  transformants  were  ob¬ 
tained  at  highly  variable  frequencies,  ranging  from  <10^'^  to 
10  (H.  Seifert,  personal  communication).  Whether  this  is 

due  to  differences  in  gonococcal  DNA  uptake  sequences, 
cleavage  by  restriction  enzymes,  or  other  factors  remains  to 
be  shown.  It  will  be  interesting  to  see  whether  the  addition  of 
the  putative  gonococcal  uptake  sequence  identified  by  Good¬ 
man  and  Scocca  (17)  to  inefficiently  transforming  cnz-marked 
DNA  has  any  effect  on  its  uptake. 


CONCLUSIONS 

Transformation  is  the  primary  means  of  transfer  of  chro¬ 
mosomal  genes  in  gonococci.  Competence  is  generally  re¬ 
stricted  to  piliated  organisms.  Evidence  for  direct  involve¬ 
ment  of  pili  in  transformation  is  principally  circumstantial, 
however.  Future  studies  including  the  dud  mutants  should 
lead  to  identification  of  the  protein(s)  involved  in  DNA 
uptake. 

The  uptake  of  DNA  in  the  gonococcus  is  specific  to 
homologous  DNA  or  to  DNA  that  contains  the  requisite 
structure  for  uptake  by  competent  gonococci.  A  10-bp  DNA 
recognition  sequence  was  identified  recently  (17)  on  the 
basis  of  the  ability  of  DNA  fragments  to  compete  for 
transformation  by  gonococcal  chromosomal  DNA.  It  re¬ 
mains  to  be  determined  whether  this  10-bp  sequence  confers 
uptake  specificity.  If  the  10-bp  recognition  sequence  is 
shown  to  increase  uptake  and  transformation  by  various 
cloned  gonococcal  genes,  future  work  may  be  facilitated  by 
developing  a  transposon  that  contains  the  10-bp  recognition 
sequence  as  well  as  an  easily  selectable  antibiotic  resistance 
marker. 

During  entry,  most  circular  plasmid  DNA  is  randomly 
cleaved  and  enters  cells  as  double-stranded  molecules.  Sub¬ 
sequently  the  linear  molecules  are  either  religated  to  form 
plasmids  or  rescued  by  homologous  recombination.  In  view 
of  the  fact  that  gonococci  produce  a  variety  of  methylases 
and  restriction  enzymes,  plasmid  transformation  in  gono¬ 
cocci  is  susceptible  to  restriction  and  modification  systems. 

Conjugation  in  gonococci  results  in  very  efficient  mobili¬ 
zation  of  plasmids  between  gonococci,  but  chromo.somal 
genes  cannot  be  transferred  between  gonococci.  Recent 
work  suggests  that  the  IncP  conjugal  system  mobilizes 
certain  plasmids  efficiently  from  E.  coli  into  gonococci, 
which  may  prove  useful  in  devising  strategies  to  clone 
gonococcal  genes  by  first  establishing  them  in  recombinant 
libraries  and  then  mobilizing  the  library  into  gonococci,  with 
selection  for  the  trait  of  interest. 
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The  genus  Neisseria  contains  two  species  of'  clinical 
importance;  Neisseria  f>onorrlioeae  and  Neisseria  meniuftiti- 
dis.  Although  these  two  microorganisms  are  closely  related 
genetically,  the  diseases  they  produce  differ  greatly.  N. 
y’onorrhoeae  is  the  etiologic  agent  of  gonorrhea,  currently 
among  the  most  common  of  the  classical  sexually  transmit¬ 
ted  diseases,  whereas  N.  inenitiftitidis  is  the  causative  agent 
of  meningococcal  meningitis.  Although  these  Neisseria  spe¬ 
cies  have  been  known  for  over  a  century  and  there  are 
effective  antibiotic  therapies  for  both  of  these  diseases,  the 
morbidity  and  mortality  associated  with  them  remain  signif¬ 
icant.  For  example,  the  pediatric  mortality  of  meningococcal 
infection  places  it  among  the  top  10  leading  causes  of  death 
of  children  in  North  America.  Similarly,  the  number  of  cases 
of  gonorrhea  reported  to  the  Centers  for  Disease  Control  has 
averaged  about  three-quarters  of  a  million  per  year  for  the 
past  several  years. 

Despite  a  number  of  studies,  the  immunological  mecha¬ 
nisms  responsible  for  providing  antigonococcal  protection 
have  been  completely  elucidated.  In  part,  this  is  due  to  the 
lack  of  an  animal  model  for  studying  gonococcal  infection. 
Equally  important,  however,  is  the  fact  that  most  studies 
have  concentrated  on  the  systemic  immune  response  to 
gonococcal  infection  (19.  25.  .^2,  37,  38).  whereas  the  initia¬ 
tion  of  the  infection  occurs  locally  in  a  site  apparently 
isolated  from  these  circulating  immune  modalities.  Thus,  to 
completely  understand  antigonococcal  immunity,  it  is  nec¬ 
essary  to  study  the  local  immune  responses  available  at  or 
near  mucosal  surfaces  in  the  male  and  female  reproductive 
tracts. 

.Serum  ari.. bodies  specific  for  a  variety  of  surface  antigens 
have  been  described  in  both  meningococcal  and  gonococcal 
infections,  and  in  some  cases  the  presence  of  these  antibod¬ 
ies  can  be  correlated  with  resistance  to  infection.  It  has  been 
proposed  that  these  antibodi  '"  could  be  involved  in  comple¬ 
ment-mediated  bacteriolysis  or  opsonization  of  the  microor¬ 
ganisms  or  both.  Although  these  mechanisms  may  be  impor¬ 
tant  in  providing  systemic  immunity,  sites  where  the 
Neisseria  spp.  are  commonly  found  (the  nasopharynx  and 
reproductive  tract)  are  sparsely  populated  with  phagocytes 
and  are  deficient  in  many  of  the  components  of  complement. 

Recently,  an  increasing  number  of  reports  suggest  that 
beside  macrophage-dependent  activities,  cell-mediated  re¬ 
sponses  such  as  cytotoxic  T  lymphocytes,  natural  killer 
(NK)  cells,  and  antibody-dependent  cell-mediated  cytotox¬ 
icity  (ADCC)  might  also  have  a  role  in  the  host  defense 
against  bacterial  infection.  A  number  of  bacteria,  including 
both  gonococci  and  meningococci,  make  initial  contact  with 
the  host  at  the  mucosal  level.  It  would  follow  that  immuno- 
surveillance  mechanisms  should  be  especially  active  at  these 
anatomical  sites.  It  is  striking  that  large  granular  lympho¬ 
cytes.  the  main  effector  cells  of  NK  cell  activity  and  ADCC. 
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are  present  in  large  numbers  in  the  epithelium  and  the  lamina 
propria  of  musocal  tissue  and  are  able  to  exert  their  func¬ 
tional  activity  at  this  level.  NK  cells  and  ADCC  appear  to  be 
manifestations  of  different  functions  of  the  same  lympho¬ 
cyte,  and  it  has  been  suggested  that  intestinal  large  granular 
lymphocytes  may  play  a  role  in  the  antibacterial  secretory 
immunoglobulin  A  (slgA)-dependent  ADCC  (13).  A  second, 
well  characterized  class  of  lymphocytes,  the  cytotoxic  T 
lymphocytes,  also  may  exist  in  musocal  sites  and  may  be 
active  in  providing  antibacterial  immunity.  Most  of  these 
studies  of  cytotoxic  mechanisms  have  focused  on  one  or 
another  of  these  distinct  cell  types,  which  have  clear  differ¬ 
ences  in  the  way  they  recognize  target  cells.  It  is  the  purpose 
of  this  paper  to  review  recent  evidence  on  cell-mediated 
immune  (CMI)  responses  to  pathogenic  Neisseria  spp.  and 
to  reevaluate  their  role  in  the  development  of  antibacterial 
immunity. 

HOST  CELLULAR  DEFENSES 
IN  GONOCOCCAL  INFECTION 

CM!  Response  to  Gonococcal  Infections 

A  few  early  reports  in  the  literature  suggest  that  a  CMI 
response  occurs  in  patients  with  gonococcal  infection  (1,  2. 
5. 12,  31).  An  initial  report  of  a  delayed-type  hypersensitivity 
response  to  gonococcal  infection  was  published  by  Teague 
and  Torrey  (36).  During  the  1930s  and  1940s,  delayed-type 
hypersensitivity  was  demonstrated  in  individuals  infected 
with  gonococci  by  using  a  variety  of  cellular  fractions  and 
culture  filtrates  (1.  2.  5).  Much  of  this  work  was  done  with 
the  intent  of  developing  a  better  method  to  diagnose  the 
disease.  Results  of  these  studies  indicated  that  most  infected 
patients  gave  a  positive  result  and  up  to  869f  of  normal 
individuals  had  a  negative  response  (5).  In  the  1970s,  interest 
was  generated  in  the  CMI  response  to  gonococcal  infection. 
Reports  of  lymphocyte  transformation  in  gonorrhea  (7.  11, 
17)  leave  little  doubt  of  the  existence  of  a  CMI  response  in 
gonococcal  infection.  However,  a  number  of  aspects  of  the 
gonococcal  CMI  response  need  clarification.  Wyle  et  al.  (39) 
reported  a  study  in  which  peripheral  blood  lymphocyte 
(PEL)  transformation  was  stimulated  by  both  gonococcal 
and  meningococcal  antigens  in  men  and  women  with  uncom¬ 
plicated  gonorrhea.  The  blastogenic  responses  of  PBLs  from 
these  individuals  were  substantially  higher  than  those  of 
normal  controls.  This  demonstrates  cross-reactivity  between 
N.  ftonorrlioeae  and  N.  meninf’itidis.  The  extent  of  the 
blastogenic  response  in  women  was  much  greater  than  in 
men.  Partial  purification  of  these  antigens  by  gel  chromatog¬ 
raphy  resulted  in  reduced  cross-reactive  respon.ses  to  the 
semipurified  meningococcal  antigen.  Female  patients  dem¬ 
onstrated  marked  stimulation  with  the  purified  gonococca. 
antigen,  whereas  male  patients  showed  slight  stimulation 
with  purified  gonococcal  antigen.  Therefore,  these  authors 
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speculated  that  CMl  may  act  to  limit  the  spread  of  gonococ¬ 
cal  infection  beyond  the  genital  mucous  membranes. 

•Assays  which  are  thought  to  be  in  vitro  correlates  of 
delayed-type  hypersensitiv  ity  reactions  (lymphocyte  activa¬ 
tion  and  production  of  migration  inhibition  factor)  have  been 
used  in  a  '  ariety  of  studies  of  human  responses  to  an  array 
of  gonococcal  products.  Kraus  et  al.  (17),  in  an  attempt  to 
determine  uhether  cell-mediated  hypersensitivity  develops 
during  a  naturally  acquired  gonococcal  infection,  cultured 
lymphocytes  from  infected  individuals  with  a  crude  sonic 
extract  of  gonococci.  The  lymphocyte  response  was  quanti¬ 
tated  by  uptake  of  labeled  deoxyribonucleic  acid  precursors. 
Lymphocyte  transformation  induced  by  gonococcal  antigens 
occurred  in  PBLs  from  some  men  with  gonococcal  urethri¬ 
tis.  Although  transformation  was  not  always  demonstrable 
during  the  initial  infection,  it  was  usually  present  in  patients 
with  two  or  more  episodes  of  infection.  The  degree  of 
transformation  of  the  lymphocytes  from  infected  patients 
with  the  first  episode  of  gonorrhea  did  not  differ  significantly 
from  that  observed  in  noninfected  patients.  It  was  suggested 
that  the  interval  between  infection  and  treatment  may  have 
been  too  short  for  the  patients  to  develop  a  significant  degree 
of  hypersensitivity.  In  cultures  that  were  positive  for  gono¬ 
coccus-induced  proliferation,  the  maximal  stimulation  oc¬ 
curred  after  5  to  6  days  of  culture.  Esquenazi  and  Streitfeld 
(7)  confirmed  that  lymphocyte  transformation  to  gonococcal 
and  to  iV.  (  atarrluilis  (now'  Brunhumethi  catarrhalis)  sonic 
extracts  could  be  demonstrated.  Lymphocytes  from  infected 
patients  manifested  significant  uptake  of  tritiated  thymidine 
in  response  to  one  or  more  antigens.  At  ^  weeks  postther¬ 
apy.  lymphocytes  were  relatively  nonreactive  to  gonococcal 
antigenic  stimulation.  Blastogenesis  in  response  to  B.  ca- 
tdirhiilis  antigens  was  also  seen  in  a  few  gonorrhea  patients 
and  in  normal  controls.  Cross-reactivity  of  B.  caianhalis 
and  ,V.  iionoirhoccie  antigens  was  indicated  by  the  disap¬ 
pearance  of  reactivity  to  the  B.  calurrluilis  sonic  extract  by 
the  lymphocytes  of  almost  all  convalescent  gonorrhea  pa¬ 
tients.  Grimble  and  Mclilmurray  (11).  using  a  crude  gono¬ 
coccal  antigen,  found  positive  lymphocyte  stimulation  in 
about  8597  of  patients  with  gonorrhea.  However,  using 
antigens  prepared  from  /V,  menini’iiidis.  they  were  unable  to 
demonstrate  a  cross-reactive  response  in  individuals  with 
gonococcal  infection.  Although  these  reports  clearly  indicate 
that  a  CM  I  response  occurs  in  gonococcal  infection,  this 
response  cannot  be  correlated  with  protection  from  gono¬ 
coccal  infection.  In  a  series  of  studies  of  Swedish  individuals 
infected  with  gonorrhea.  Rosenthal  and  Sandstrom  (28- .10) 
found  no  demonstrable  differences  in  the  lymphocyte  re¬ 
sponse  to  gonococcal  antigen  in  42  patients  with  gonococcal 
urethritis  and  18  uninfected  controls.  One  explanation  for 
these  results  could  be  the  presence  of  asymptomatic  male 
and  female  carriers  of  gonococcal  infection  in  the  control 
group.  A  second  explanation  is  that  the  systemic  response, 
as  measured  by  the  activity  of  PBLs.  does  not  reflect  what  is 
happening  locally.  A  significant  difference  in  lymphocyte 
reactivity  was  noted  only  between  female  patients  and 
controls. 

■ADCC  and  NK  Cell  Antigonococcal  Activity 

f'loyd-i,ei->ir,t,  et  al.  (8)  demonstrated  that  Iiuman  PBLs 
can  participate  in  ADCC  against  N.  f’onotrhiicac.  Acute- 
phase  serum  samples  from  individuals  with  histories  of 
multiple  uncomplicated  gonococcal  infection,  in  cooperation 
with  human  PBLs.  are  capable  of  killing  various  gonococcal 
isolates  in  the  absence  of  complement.  Both  homologous 


and  heterologous  isolates  are  susceptible  to  ADCC-mediated 
antigonococcal  activity,  with  heterologous  pelvic  inflamma¬ 
tory  disease  isolates  being  the  mos'  susceptible.  In  addition 
to  ADCC.  unseparated  mononuclear  cells  were  capable  of 
natural  antigonococcal  activity.  When  the  nonimmune 
mononuclear  cells  were  purified  and  assayed  for  their  anti¬ 
gonococcal  activity,  it  was  demonstrated  that  adherent 
monocytes  were  also  capable  of  a  natural  antigonococcal 
activity  in  the  absence  of  antibody.  Inhibition  of  monocyte 
phagocytosis  by  cytochalasin  B  abolished  the  natural  anti¬ 
gonococcal  activity  but  did  not  significantly  reduce  the 
ADCC-media'.ed  antigonococcal  activity.  Nonadherent  cell 
populations  expressing  surface  antigens  for  B.  T.  or  NK 
cells  were  not  capable  of  ADCC-mediated  antigonococcal 
activity.  However,  nonadherent  cell  populations  with  either 
■f  or  NK  cell  surface  markers  expressed  natural  antigono¬ 
coccal  activity.  These  results  indicate  that  both  natural  and 
ADCC-mediated  cytotoxicity  can  be  effective  against  gono¬ 
cocci. 

Lymphoid  cells  of  the  human  fallopian  tube  have  been 
characterized  for  cell  surface  markers  and  for  their  partici¬ 
pation  in  ADCC-mediated  and  natural  cytotoxicity.  Cooper 
et  al.  (.1.  4).  using  discontinuous  Percoll  gradients  to  separate 
fallopian  tube  lymphoid  cells,  demonstrated  the  presence  of 
cells  expressing  B.  T.  and  NK  cell  surface  markers.  The 
ratio  of  B  to  T  cells  was  approximately  1  ;4.  These  ratios  are 
consistent  with  other  musocal  sites.  Lymphoid-cel)  popula¬ 
tions  from  the  human  fallopian  tubes  were  purified  over 
Percoll  gradients  and  used  as  effector  cells  against  gono¬ 
cocci.  A  cell  fraction  (p  =  1.076)  from  these  gradients 
contained  lymphoid  cells  which  w'ere  capable  of  both 
ADCC-mediated  and  natural  cytotoxicity.  PBLs  W'crc  puri¬ 
fied  by  using  plastic  adherence  and  B-  and  T-cell  panning 
with  monoclonal  antibodies;  these  cells  were  also  used  as 
effector  cells  against  gonococci.  Populations  of  T  cells 
contaminated  with  NK  cells  were  effective  in  ADCC  assays 
and  in  natural  cytotoxicity.  Cytotoxic/suppressor  cells 
(CD3 ' ,  CD8 ' )  of  high  purity  were  able  to  express  natural 
cytotoxicity  but  not  ADCC. 

Moticka  et  al.  (E.  J.  Moticka,  K.  Elliott.  T.  Hindman,  and 
M.  D.  Cooper.  Abstr.  Annu.  Meet.  Am.  Soc.  Microbiol. 
1988;  E51.  p.  117)  described  a  suppression  of  phytohemag¬ 
glutinin-induced  mitogenesis  by  human  fallopian  tube  lym¬ 
phoid  cells  (FTLs).  Under  a  variety  of  experimental  condi¬ 
tions.  FTLS  responded  minimally  or  not  at  all  to  several 
mitogens  including  phytohemagglutinin,  concanavalin  A. 
pokewced  mitogen,  and  staphylococcal  protein  A.  Studies 
were  performed  to  determine  whether  this  lack  of  mitogenic 
responsiveness  was  due  to  the  activity  of  suppressor  cells. 
FTLs  were  mixed  with  allogenic  PBLs  and  cultured  with  the 
T-cell  mitogen  phytohemagglutinin  under  conditions  optimal 
for  the  stimulation  of  PBLs.  Culturing  the  PBLs  and  FTLs  in 
1;1  or  2;1  ratios  depressed  the  incorporation  of  ['H]thymi- 
dinc  by  more  than  5097.  As  few  as  1097  FTLs  in  cultures  of 
PBLs  produced  consistent  suppression  of  phytohemaggluti¬ 
nin-induced  mitogenesis.  Control  cultures  with  similar  num¬ 
bers  of  allogenic  PBLs  demonstrated  no  such  suppression, 
indicating  that  the  eflcct  was  not  due  to  allogenic  interac¬ 
tions.  The  suppression  was  attributable  to  a  soluble  factor 
which  could  interfere  with  the  reactivity  of  PBLs.  The 
possibility  that  suppressor  cells  and  suppressor  factors  play 
a  role  in  down-reguhiting  iinligonococcal  cytotoxic  T  cells  is 
currently  under  investigation. 
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CELLLLAR  RESPONSES  IN  ANIMALS  IMMUNIZED 
WITH  V.  GOXORRHOEAE 

Kannimgo  and  Agarvval  (15).  using  a  guinea  pig  subcuta¬ 
neous  chamber  model,  studied  the  development  oF  cellular 
immunity  by  using  lymphocyte  and  macrophage  migration  as 
measurements  of  CMI.  They  infected  the  subcutaneous 
chambers  of  guinea  pigs  vvith  gonococci.  At  1  week  postin¬ 
fection  there  were  indications  of  CMI.  which  then  persisted 
for  up  to  7  weeks.  The  CMI  response  was  detected  by  using 
a  crude  soluble  cellular  antigen,  crude  lipopolysaccharide 
(LPS).  and  a  ribonucleic  acid  protein  antigen  prepared  from 
a  local  clinical  isolate.  Koostra  et  al.  (16)  studied  the  CMI  of 
guinea  pigs  immunized  with  either  gonococcal  or  meningo¬ 
coccal  ribosomes  and  demonstrated  a  quantitative  but  not  a 
qualitative  specificity.  They  found  about  a  fivefold  difference 
in  the  concentration  of /V.  fionorrhoeue  and  iV.  menin^iiidis 
skin  test  antigens  necessary  to  obtain  a  positive  response  to 
guinea  pigs  immunized  with  gonococcal  ribosomes  in  com¬ 
plete  Freund  adjuvant  (14).  Gonococcal  ribosomal  ribonu¬ 
cleic  acid,  ribosomal  protein,  cell  walls,  and  pili  required 
higher  concentrations  to  obtain  a  positive  skin  test  than  did 
intact  ribosomes.  Kwapinski  and  Chong  (18)  used  purified 
gonococcal  antigens  to  elicit  a  CMI  in  rabbits.  A  nontoxic 
protein  called  B(-/^)  was  isolated  from  the  cytoplasm  of 
type  1  gonococci.  B  (-/*)  was  used  to  immunize  rabbits 
prior  to  challenge  with  live  gonococci  in  the  anterior  cham¬ 
ber  of  the  eye.  The  corneas  became  cloudy  within  24  to  48  h. 
and  this  was  followed  by  a  profuse  discharge  from  the 
conjunctiva.  By  day  4  or  5  postinfection,  the  corneas  were 
clear.  In  addition,  the  gonococci  thrived  when  anti-B  (-/+) 
antiserum  was  injected  along  with  live  gonococci  into  the 
anterior  chamber  of  the  eye. 

HOST  CELLULAR  DEFENSES 
IN  MENINGOCOCCAL  INFECTION 

Immunity  to  meningococcal  infection  is  thought  to  depend 
primarily  on  the  presence  of  bactericidal  antibody.  The 
production  of  this  protective  antibody  follows  natural  infec¬ 
tion  (9)  and  vaccination  with  meningococcal  polysaccharide 
antigens.  Subjects  who  do  not  possess  bactericidal  antibody 
are  at  risk  of  developing  meningococcal  disease  (6).  Little 
attention  has  been  paid  to  the  possible  protective  role  of 
CMI  in  this  infection  because  of  the  evidence  suggesting  a 
dominant  role  for  antibody  in  protection  against  meningo¬ 
coccal  disease. 

Meningococcal  CMI  Response 

Greenwood  et  al.  (10)  studied  the  CMI  response  in  pa¬ 
tients  with  group  A  meningococcal  meningitis  and  in  normal 
subjects  given  group  A  meningococcal  vaccine.  They  found 
that  lymphocyte  responsiveness  to  both  phytohemagglutinin 
;ind  meningococcal  antigens  was  markedly  depressed  in 
patients  with  acute  meningococcal  infections.  This  defect 
was  present  whether  lymphocytes  were  cultured  in  autolo¬ 
gous  or  fetal  calf  serum.  Patients  also  showed  a  transient 
increase  in  the  degree  of  inhibition  produced  by  group  A 
meningococci  in  leukocyte  migration  assays.  Meningococci 
of  other  groups  produced  a  similar  degree  of  inhibition. 
Vaccination  with  group  A  meningococcal  polysaccharide 
vaccine  had  no  effect  on  lymphocyte  responsiveness  to 
meningococcal  antigens  or  on  the  inhibitory  effect  of  group 
A  meningococci  on  leukocyte  migration.  These  negative 
results  must  be  interpreted  carefully,  since  patients  with 


acute  meningococcal  meningitis  had  positive  leukocyte  inhi¬ 
bition  test  results  which  were  greater  than  those  seen  in 
recovered  patients.  Thus,  there  appears  to  be  a  difference  in 
the  level  of  responsiveness  depending  on  the  degree  of 
antigenic  stimulation. 

ADCC  and  NK  Cell  Activity  against  Meningococci 

Lowell  et  al.  (20)  reported  that  heat-inactivated  serum 
samples  from  adults  immunized  with  group  C  meningococcal 
polysaccharide  vaccine,  in  cooperation  with  normal  human 
peripheral  blood  mononuclear  cells,  could  significantly  de¬ 
crease  the  viability  of  group  C  meningococci.  Of  the  mono¬ 
nuclear-cell  populations.  K  lymphocytes  (null  cells)  and 
monocytes,  but  not  T  or  B  lymphocytes,  were  capable  of 
efiecting  ADCC  antimeningococcal  activity  in  this  system. 
The  degree  of  killing  in  this  system  was  dependent  on  the 
incubation  time  of  the  reactants,  the  concentration  of  the 
effector  cells,  and  the  amount  of  antiserum  used  in  the  assay. 
When  specific  antimeningococcal  an'  bodies  were  absorbed 
from  the  serum.  ADCC  activity  was  u.'ished.  ADCC 
antimeningococcal  activity  was  also  temperature  dependent 
and  could  be  abolished  either  by  performing  the  assay  at  4°C 
or  by  heating  the  effector  cells  to  46°C  for  15  min  prior  to  the 
start  of  the  assay.  Their  data  suggest  that  K  cells  may  play  a 
role  in  the  host  immune  defense  against  certain  bacterial 
pathogens.  Smith  and  Lowell  (.13)  reported  that  ADCC 
antimeningococcal  activity  was  inhibited  when  human  im¬ 
mune  serurh  was  preincubated  with  the  polysaccharide  of 
the  immunizing  vaccine.  Furthermore,  the  activity  against 
group  A  meningococci  that  was  induced  by  heat-inactivated 
human  immune  serum  was  also  inhibited  by  preincubation 
with  that  polysaccharide.  Neither  heterologous  polysaccha¬ 
ride  nor  homologous  protein  or  LPS  meningococcal  antigens 
inhibited  the  activity  of  either  of  these  sera.  Antibodies 
responsible  for  ADCC  activity  against  the  group  C  menin¬ 
gococci  are  also  directed  against  the  polysaccharide.  The 
results  of  these  inhibition  experiments  are.  therefore,  con¬ 
sistent  with  those  of  Roberts  (27).  who  found  that  opsono- 
phagocytosis  of  group  C  and  A  meningococci  by  neutrophils 
in  cooperation  with  sera  taken  after  immunization  with 
group  C  and  group  A  meningococcal  polysaccharides,  re¬ 
spectively.  was  totally  inhibited  by  the  homologous  polysac¬ 
charide.  Owing  to  natural  exposure  and  carriage,  most  sera 
of  adult  humans  contain  antibodies  to  both  capsular  and 
subcapsular  (protein  and  LPS)  meningococcal  antigens  (9. 
40).  However,  in  contrast  to  the  inhibitory  action  of  the 
polysaccharide,  homologous  protein  and  LPS  antigens  were 
not  inhibitory  in  this  system.  These  data  should  not  be 
interpreted  as  indicating  that  antibodies  to  protein  and  LPS 
antigens  are  incapable  of  inducing  ADCC.  since  blocking  the 
action  of  antibodies  to  protein  or  LPS  would  still  leave 
antibodies  to  polysaccharide  functionally  available  in  the 
sera.  The  data  do  support  the  conclusion  that  if  the  antibod¬ 
ies  to  subcapsular  LPS  or  protein  are  effective  in  ADCC. 
they  must  be  of  low  titer,  since  blocking  of  antibodies  to 
polysaccharide  did  not  reveal  antibacterial  activity.  This 
implies  that,  since  ADCC  activity  occurs  in  the  absence  of 
added  complement,  this  mechanism  may  be  important  to 
host  immune  defenses  in  areas  where  complement  compo¬ 
nents  are  relatively  low  or  nonfunctional,  such  as  secretory 
surfaces  including  the  nasopharynx  and  the  respiratory, 
intestinal,  and  urogenital  mucosa. 

To  compare  the  efficacies  of  the  various  immunoglobulin 
isotypes  in  ADCC  against  meningococci.  Lowell  et  al.  (22) 
used  purified  immunoglobulins  from  serum  samples  from 
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individuals  immunized  with  group  C  polysaccharide  and 
compared  them  with  immunoglobulins  purified  from  patients 
convalescing  from  disseminated  meningococcal  disease. 
They  found  that  although  IgA  is  nonbactericidal  in  the 
presence  t>f  complement,  it  can  induce  a  cell-mediated 
antibacterial  activity  as  effectively  as  IgG  can.  The  amount 
of  IgG  required  to  induce  cell-mediated  antibacterial  activity 
is  similar  to  the  amount  required  for  complement-mediated 
killing.  They  further  concluded  that  the  amount  of  either 
postimmunization  or  convalescent-phase  IgM  required  to 
induce  complement-mediated  killing  is  16-  to  20-fold  smaller 
than  the  amount  of  IgG  required.  IgM  is  inferior  to  IgG  in  its 
ability  to  induce  ADCC.  In  the  cell-mediated  system,  pos; 
immunization  IgM  is  ineffective,  and  the  amount  of  conva¬ 
lescent-phase  IgM  required  for  minimal  activity  is  eight 
times  the  amount  of  convalescent-phase  IgG  required.  Fur¬ 
thermore.  the  maximal  antibacterial  index  induced  by  con¬ 
valescent-phase  IgM  is  5(Y7(  less  than  that  which  can  be 
induced  by  IgG.  These  data  suggest  that  IgG  and  IgA  play  a 
greater  role  than  IgM  in  the  ADCC  directed  against  menin¬ 
gococci  in  host  defense.  Lowell  et  al.  further  reported  (21) 
that  IgA  purified  from  serum  samples  of  patients  convalesc¬ 
ing  from  disseminated  group  C  meningococcal  disease  in¬ 
duced  human  monocyte-mediated  ADCC  in  the  absence  of 
complement.  The  convalescent-phase  IgA  was  directed  spe¬ 
cifically  against  the  polysaccharide  capsule,  and  the  effective 
level  for  ADCC  was  less  than  1  ng  of  polysaccharide 
antibody.  ADCC  activity  again  was  dependent  upon  the 
length  and  the  temperature  of  the  test  incubation  and  on  the 
concentration  of  the  monocytes. 

CELLULAR  RESPONSES  IN  ANIMALS  IMMUNIZED 
WITH  N.  MENINGITIDIS 

A  number  of  aspects  of  the  immune  responsiveness  of 
meningococcal  infection  are  still  elusive.  CMl  studies  may 
provide  a  means  of  completing  the  assessment  of  these 
responses.  There  is  a  demonstrable  cellular  component  to 
meningococcal  immunity  which,  although  antibody  depen¬ 
dent.  is  mediated  by  cells  and  is  complement  independent. 
The  few  examples  of  specific  CM  I  reactions  to  N.  meninffiti- 
dis  are  limited  to  migration  inhibition  in  guinea  pigs  and 
humans  (10.  26.  34.  35)  and  delayed-type  hypersensitivity  in 
guinea  pigs  (26).  Pribnow  et  al.  (26)  sensitized  guinea  pigs  to 
N.  meninf’itidis  group  A  by  subcutaneous  injection  of  viable 
meningococci.  These  animals  were  skin  tested  with  heat- 
killed  N.  meninfiilidis  cells,  as  cell  wall  preparation  of 
meningococci,  and  a  soluble  somatic  antigen  prepared  from 
the  homologous  organism.  Control  skin  test  substrates  in¬ 
cluded  heat-killed  N.  fionorrhoeue  cells,  purified  protein 
derivative,  and  Hanks  balanced  salt  solution.  Positive  24-h 
skin  reactions,  characterized  by  induration  that  measured 
more  than  25  mm-,  were  produced  only  by  heat-killed 
meningococci  and  with  the  cell  wall  preparations.  The 
soluble  somatic  antigen  produced  only  erythema.  The  men¬ 
ingococci  also  caused  inhibition  of  migration  of  macrophages 
when  peritoneal  cells  from  the  sensitized  guinea  pigs  were 
used  in  the  capillary  tube  MIF  test.  No  inhibition  of  migra¬ 
tion  was  produced  with  the  control  antigens.  The  delayed- 
type  hypersensitivity  reactivity  was  transferable  with  viable 
lymph  node  cells  from  the  sensitized  guinea  pigs,  but  not 
with  dead  lymph  node  cells  or  with  serum. 

.Sparkes  (36)  described  a  preparation  of  meningococcal 
antigens  extracted  in  CaCL  which  contained  mostly  outer 
membrane  proteins  and  was  strongly  mitogenic  for  normal 
murine  B  lymphocytes.  These  meningococcal  antigens 


markedly  impaired  the  in  vivo  T-cell  responsiveness  of 
murine  splenocytes.  Suppression  of  the  normal  splenic  T 
cells  occurred  with  both  adherent  and  nonadherent  spleno¬ 
cytes  from  meningococcal  antigen-sensitized  mice.  B  cells 
were  much  less  affected  by  the  suppression  induced  by  the 
meningococcal  antigens,  and  only  adherent  ceils  could  con¬ 
vey  in  vitro  the  low-level  impairment  of  B-cell  proliferation. 
Strong  T-cell  suppression  associated  with  a  B-cell  mitogen 
was  also  produced  by  Mycohacteriitm  hovis  BCG  and  Cory- 
nehacterium  parvitm.  In  another  report  (34),  Sparkes 
showed  that  meningococcal  antigens  had  adjuvant  activity 
when  administered  to  mice  at  the  same  time  as  a  T-depen- 
dent  antigen  (sheep  erythrocytes.  [SE]),  by  increasing  the 
splenocyte  plaque  forming  response  in  a  dose-related  man¬ 
ner.  However,  when  SE  were  given  1  day  after  meningococ¬ 
cal  antigen  injection,  the  subsequent  plaque  formation  was 
diminished.  This  decrease  was  proportional  to  the  dose  of 
meningococcal  antigen  injected.  Splenocytes  taken  from 
mice  up  to  5  days  after  meningococcal  antigen  injection 
actively  inhibited  plaque  formation  when  mixed  with  sple¬ 
nocytes  immunized  with  SE  4  days  earlier.  At  2  days  after 
meningococcal  antigen  injection,  the  nonspecific  inhibition 
of  plaque  formation  was  due  mainly  to  adherent  spleen  cells, 
whereas  at  5  days,  nonadhereni  cells  had  acquired  the 
inhibitory  activity.  It  appears  that  the  degree  of  activation  of 
adherent  cells  by  meningococcal  antigen  modulates  the 
subsequent  development  and  secretion  of  anti-SE  antibody¬ 
forming  cells. 

Micusan  et  al.  (24)  used  an  extract  from  group  Y  menin¬ 
gococci  known  to  contain  protein  antigens  common  to  other 
meningococci  to  determine  the  immune  response  in  mice  to 
meningococci.  Using  delayed-type  hypersensitivity  as  a 
measure  of  cell-mediated  responsiveness,  they  could  not 
detect  any  CMI.  Melancon-Kaplan  et  al.  (23).  using  spleen 
cells  from  mice  infected  with  meningococci,  demonstrated 
depressed  in  vitro  plaque-forming  cells  responses  to  T- 
dependent  (SE)  and  T-independent  (trinitrophenol  fTNP] 
LPS  and  TNP-Ficoll)  antigens.  The  inhibition  was  observed 
over  a  wide  range  of  antigen  concentrations.  The  decreased 
responsiveness  of  splenocytes  from  infected  mice  was  due  to 
a  selective  impairment  of  B-cell  function.  Helper-T-cell 
activity  was  intact  in  infected  mice,  as  shown  by  the  ability 
of  T-enriched  lymphocytes  to  cooperate  with  normal  B- 
enriched  lymphocytes  in  the  generation  of  an  anti-SE  re¬ 
sponse.  Accessory  macrophage  function  was  preserved, 
since  adherent  spleen  cells  from  mice  inoculated  with  bac¬ 
teria  were  shown  to  produce  normal  or  increased  levels  of 
interleukin-1  and  were  able  to  cooperate  with  normal  non¬ 
adherent  spleen  cells  in  the  generation  of  plaque-forming  cell 
responses  against  SE.  Addition  of  peritoneal  cells  from 
normal  animals  or  extraneous  interleukin-1  both  failed  to 
restore  normal  plaque-forming  cell  responses  in  cultures  of 
splenocytes  from  infected  mice.  B-enriched  lymphocytes 
from  infected  mice  produced  poor  anti-SE  responses  when 
cultured  with  either  concanavalin  A  supernatant  or  T-en- 
riched  lymphocytes  from  normal  or  infected  mice.  There¬ 
fore.  the  immunological  unresponsiveness  associated  with  a 
meningococcal  infection  was  attributed  to  a  meningococcus- 
induced  defect(s)  in  B-cell  function.  In  vivo  polyclonal  B-cell 
activation  leading  to  clonal  exhaustion  does  not  play  a  major 
role  in  the  depression  of  humoral  responses,  since  meningo¬ 
coccal  infection  induces  little  or  no  polyclonal  immunogktb- 
ulin  secretion. 
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CONCLUSIONS 

During  the  last  several  decades,  there  have  been  sporadic 
reports  concerning  the  presence  of  CMI  in  response  to 
infection  with  S'eisscria  spp.  This  includes  reports  both  on 
the  classical  manifestations  of  CMI,  such  as  delayed-type 
hypersensitivity  skin  testing,  in  vitro  lymphocyte  transfor¬ 
mation,  and  production  of  soluble  lymphokines,  as  well  as 
more  contemporary  studies  on  the  activity  of  cells  involved 
in  ADCC  and  NK  cell  activity.  These  reports  have  been 
overshadowed  by  the  large  number  of  studies  suggesting  that 
immunity  to  these  bacteria  is  antibody  mediated  through 
either  complement  activation  or  opsonization.  There  are 
several  observations  which  argue  against  the  simplistic  no¬ 
tion  that  only  humoral  immunity  is  involved  in  protecting  an 
individual  against  infection.  These  are  as  follows,  (i)  Most  of 
the  studies  of  the  role  of  antibody  in  these  infections  have 
been  done  with  immune  serum.  However,  both  gonococci 
and  meningococci  produce  local  infections,  where  serum 
antibody  may  not  be  present,  (ii)  Complement  is  deficient  or 
present  in  only  low  concentrations  in  areas  where  these  two 
species  initiate  their  infections.  Furthermore,  the  predomi¬ 
nant  immunoglobulin  present  in  the  genitourinary  tract  (for 
gonococci)  and  the  nasopharynx  (for  meningococci)  is  of  an 
isotype  (IgA)  that  does  not  fix  complement,  (iii)  Antibodies 
specific  for  gonococci  can  be  isolated  from  serum  samples  of 
individuals  with  histories  of  multiple  uncomplicated  gono¬ 
coccal  infections.  The  fact  that  these  individuals  develop 
multiple  infections  while  this  antibody  is  present  argues 
against  the  postulate  that  this  antibody  is  protective.  Early 
work  on  CMI  in  these  infections  demonstrated  no  consistent 
correlation  between  the  development  of  specifically  sensi¬ 
tized  cells  and  protection.  More  recent  investigations  of  the 
ability  of  human  lymphocytes  to  participate  in  NK-cell  and 
ADCC  activities  against  gonococci  and  meningococci  sug¬ 
gest  that  we  need  to  reevaluate  the  conclusions  on  the 
identity  of  protective  immune  mechanisms  to  these  two 
bacteria.  This  is  particularly  important  as  efforts  are  under¬ 
taken  to  develop  new.  more  effective  vaccines  for  the 
diseases  caused  by  these  organisms. 
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Gonococci  and  meningococci  are  obligate  human  patho¬ 
gens  that  can  infect  diverse  sites  within  the  human  host. 
Each  of  these  sites  represents  a  unique  niche  with  respect  to 
nutrients,  environmental  factors,  and  competing  microor¬ 
ganisms.  The  growth  environment  has  a  marked  etfect  on  the 
metabolism  and  cellular  composition  of  Neisseria  f’onor- 
rhoeae  and  N.  meninftititlis.  Altered  cellular  composition  is 
often  reflected  by  changes  in  the  cell  surface  that  can 
ultimately  affect  the  interaction  of  these  microorganisms 
with  the  human  host.  The  physiology  and  metabolism  of  the 
pathogenic  Neisseria  spp.  have  not  been  reviewed  since 
1979  (41).  This  review  will  discuss  selected  areas  that  have 
implications  for  the  pathogenesis  of  these  important  micro¬ 
organisms. 

IRON  METABOLISM 

After  entry  into  the  human  host.  N,  gonorrhoeae  and  N, 
ineninyitidis  must  multiply  to  colonize  mucosal  surfaces  and 
to  establish  an  infection.  Cell  growth  and  multiplication 
require  essential  nutrients  such  as  iron.  To  obtain  iron,  the 
pathogenic  Neisseria  spp.  must  acquire  it  from  the  host. 
Despite  the  relative  abundance  of  iron  in  the  host,  there  is 
little  free  iron  because  of  its  sequestration  by  the  iron¬ 
binding  proteins  transferrin  (TF)  and  lactoferrin  (LF)  (19).  In 
serum  and  interstitial  fluid,  iron  is  associated  with  TF;  in 
breast  milk,  semen,  and  mucosal  surfaces,  it  is  associated 
primarily  with  LF.  Consequently,  gonococci  and  meningo¬ 
cocci  must  possess  mechanisms  for  utilizing  the  iron  asso¬ 
ciated  with  the  host  iron-binding  proteins  as  well  as  other 
potential  in  vivo  iron  sources  such  as  heme  and  hemoglobin. 

Several  studies  have  implicated  iron  in  the  virulence  of  the 
pathogenic  .\eisseria  spp.  Calveret  al.  (7)  demonstrated  that 
injection  of  ferrous  sulfate  prior  to  or  injection  of  either  iron 
sorbitol  citrate  or  iron-dextran  concomitantly  with  injection 
of  N,  meniftfiitidis  increased  the  lethality  of  several  different 
meningococcal  serogroups  for  mice  by  up  to  a  10^-fold.  The 
effect  of  the  added  iron  was  partially  abrogated  by  the  prior 
incubation  of  N.  meninftitidis  with  Desferal  (CIBA-GEIGY 
Corp.).  an  iron  chelator  from  which  meningococci  and 
gonococci  are  unable  to  remove  iron  (36).  Holbein  et  al.  (24) 
showed  that  the  lethal  dose  of  N,  meningitidis  strains  in 
a  mouse  model  was  decreased  lO'^-fold  by  the  concomitant 
administration  of  iron-dextran  with  the  inoculum.  Payne  and 
Finkelstein  (50)  found  that  the  intravenous  inoculation  of 
iron-containing  compounds  together  with  avirulent  (nonpili- 
ated)  gonococci  increased  the  lethality  of  these  avirulent 
organisms  for  chicken  embryos. 

Hafiz  et  al.  (20)  observed  that  high  concentrations  of  ferric 
citrate  appeared  to  stimulate  the  reversion  of  nonpiliated 
gonococci  to  piliated  gonococci  during  batch  culture  in  a 
liquid  medium.  Odugbemi  and  Hafiz  (49)  further  demon¬ 
strated  that  the  apparent  rate  of  reversion  from  the  nonpili- 
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ated  state  to  the  piliated  state  was  influenced  by  both  iron 
and  iron  chelators.  These  results  are  somewhat  at  odds  with 
recent  findings  (26)  that  iron-limited  gonococci  remained 
piliated.  Nevertheless,  these  studies  provide  evidence  that 
iron  has  an  important  role  in  the  virulence  of  the  pathogenic 
Neisseria  spp.  Iron  probably  influences  cellular  function(s) 
since  ferric  chloride,  ferric  nitrate,  and  ferric  ammonium 
citrate  did  not  increase  the  attachment  of  gonococci  to 
human  spermatozoa  (25). 

All  strains  of  N,  gonorrhoeae  and  N,  meninf’itidis  are  able 
to  grow  with  25%  iron-saturated  TF  as  their  sole  source  of 
iron  (37).  Archibald  and  DeVoe  (1.2)  found  that  meningo¬ 
cocci  were  capable  of  obtaining  iron  from  a  variety  of 
iron-containing  compounds  including  gastric  mucin,  ferric 
citrate,  hemoglobin,  myoglobin,  and  human  TF.  Iron  com- 
plexed  with  a  number  of  metabolic  organic  acids,  polyphos¬ 
phates.  and  several  synthetic  polycarboxylic  acids  was  also 
readily  utilized  by  all  meningococcal  strains  examined. 
However.  N,  meningitidis  was  unable  to  use  iron  bound  to 
some  common  hydroxymate-  and  catechol-type  sidero- 
phores. 

All  strains  of  N,  meningitidis  used  LF  as  an  iron  source, 
whereas  approximately  60%  of  the  gonococcal  strains  exam¬ 
ined  in  one  study  (36)  were  able  to  utilize  this  iron  source. 
The  percentage  of  gonococcal  strains  that  were  capable  of 
utilizing  LF-bound  iron  was  related  to  the  auxotype  of  the 
strain;  86%  of  prototrophic  gonococci  were  able  to  utilize 
LF-bound  iron,  whereas  only  14%  of  Arg~  Hyx^  Ura“ 
strains  were  able  to  utilize  this  iron  source.  Their  inability  to 
utilize  LF-bounU  iron  has  been  offered  as  an  explanation  for 
the  association  of  these  strains  with  asymptomatic  infection 
(5).  The  actual  LF  concentration  in  human  vaginal  mucus 
varies  during  the  menstrual  cycle  and  is  lowest  just  before 
menses  (13).  The  implication  of  this  observation  in  the 
pathogenesis  of  pelvic  inflammatory  disease  or  disseminated 
gonococcal  infection  remains  to  be  determined. 

N,  meningitidis  was  shown  to  acquire  TF-bound  iron  by 
an  iron-repressible.  energy-dependent  mechanism  that  re¬ 
quired  a  functional  respiratory  chain  (60).  The  uptake  of  iron 
from  TF  required  direct  contact  of  the  TF  with  the  menin¬ 
gococcal  surface;  during  this  process,  the  TF  remained 
extracellular  (61).  Approximately  70%  of  the  '"'Fe  taken  up 
by  cyanide-treated  meningococci  was  located  in  the  outer 
membrane  in  association  with  a  major  outer  membrane 
protein  with  an  apparent  molecular  mass  of  36,500  daltons. 
McKenna  et  al.  (35)  have  shown  that,  like  meningococci, 
gonococci  remove  iron  from  TF  and  LF  by  an  iron-repress¬ 
ible,  energy-dependent  mechanism.  The  acquisition  of  TF- 
and  LF-bound  iron  required  direct  contact  of  the  protein 
with  the  gonococcal  cell  surface.  Gonococci  were  extremely 
efficient  at  utilizing  the  TF-  or  LF-bound  iron  as  the  sole 
source  of  iron  for  growth;  a  level  of  5%  iron  saturation  was 
sufficient  to  support  normal  growth  in  vitro,  provided  that 
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enough  protein  was  available  to  supply  the  required  amount 
of  iron  (35). 

The  mechanism  by  which  gonococci  release  the  iron  from 
TF  and  LF  is  unclear.  West  et  al.  (63)  postulated  that  the  TF 
and  LF  bound  nonspecifically  to  the  gonococcal  cell  surface 
and  that  the  iron  was  subsequently  released  by  a  mechanism 
involving  polyphosphate.  The  Fe' '  bound  to  TF  or  LF  may 
also  be  released  by  reduction  to  Fe' ' ;  both  cytoplasmic  and 
membrane-bound  ferric  reductase  activities  have  been  de¬ 
tected  in  gonococci  and  meningococci  (A.  E.  LeFaou  and 
S.  A.  Morse.  Abstr.  Annu.  Meet.  Am.  Soc.  Microbiol.  1987. 
D20.  p.  75).  Meningococcal  and  gonococcal  iron-regulated 
proteins  may  play  a  role  in  the  binding  of  TF  or  LF,  the 
release  of  iron,  and  its  transport  across  the  outer  and  inner 
membranes.  A  putative  meningococcal  TF  receptor  was 
recently  detected  in  an  assay  in  which  human  TF  conjugated 
to  horseradish  peroxidase  was  used  (54).  Further  studies 
involving  sodium  dodecyl  sulfate-polyacrylamide  gel  elec¬ 
trophoresis  and  Western  immunoblot  analysis  showed  that  it 
was  a  71,000-dalton,  iron-regulated  outer  membrane  protein 
(54).  Competitive-binding  experiments  indicated  that  the 
receptor  exhibited  a  specificity  for  human  TF  and  was 
distinct  from  the  LF  receptor.  An  LF-binding  protein 
(105.000  daltons)  was  subsequently  identified  in  three  dif¬ 
ferent  meningococcal  strains  by  using  biotinylated  human 
LF  and  streptavidin-agarose  (55).  The  LF-binding  protein 
exhibited  a  specificity  for  human  LF.  and  its  synthesis  was 
regulated  by  the  level  of  iron  in  the  medium.  The  specificity 
exhibited  for  human  TF  and  LF  may  be  an  important  factor 
in  the  host  specificity  of  these  pathogens. 

Free  hemoglobin  or  hemoglobin  bound  to  haptoglobin  can 
be  us  'd  as  an  iron  source  by  most  gonococcal  and  meningo¬ 
coccal  strains  (17).  N.  gonorrhoeae  and  N.  meningitidis  can 
also  utilize  free  heme  as  an  iron  source  (37, 66).  but  not  when 
it  is  complexed  to  hemopexin  or  albumin  (17). 

Yancey  and  Finkelstein  (67)  first  reported  the  production 
of  a  siderophore  by  disseminating  strains  of  N.  gonorrhoeae. 
Subsequently,  they  isolated  a  dihydroxamate-type  sidero¬ 
phore  from  concentrated  culture  supernatants  of  N.  gonor¬ 
rhoeae  and  N.  meningitidis  (66).  However,  Archibald  and 
DeVoe  (2)  and  Norrod  and  Williams  (48)  were  unable  to 
detect  any  siderophore  activity  in  spent  culture  supernatants 
from  these  organisms.  These  conflicting  reports  were  re¬ 
cently  clarified  by  West  and  Sparling  (64),  who  were  also 
unable  to  detect  siderophore  activity  in  N.  gonorrhoeae . 
They  further  showed  that  the  quantity  of  siderophore  de¬ 
tected  by  bioassay  of  culture  supernatants  from  N.  gonor¬ 
rhoeae  was  never  greater  than  the  amount  already  present  in 
the  uninoculated  medium. 

Gonococci  are  capable  of  utilizing  siderophores  produced 
by  other  microorganisms.  Yancey  and  Finkelstein  (66)  have 
reported  that  gonococci  can  utilize  the  dihydroxamate  .sid¬ 
erophores  aerobactin,  arthrobactin,  and  schizokinen.  West 
and  Sparling  (65)  confirmed  that  gonococci  could  utilize 
ferri-aerobactin  as  a  sole  iron  source.  In  addition,  they 
probed  gonococcal  genomic  deoxyribonucleic  acid  with  the 
cloned  Escherichia  coli  aerobactin-biosynthetic  genes 
UucABCD)  as  well  as  the  aerobactin  receptor  UutA)  and 
hydroxamate  utilization  (fhtiCDB)  genes;  hybridization  was 
detected  with  fhiiB  sequences  but  not  with  the  other  genes. 
West  and  Sparling  (65)  identified  and  cloned  the  region  of  the 
gonococcal  genome  that  exhibited  homology  with  fhuB  and 
demonstrated  its  ability  to  complement //n/i?  mutations  in  E. 
coli. 

Norqvist  et  al.  (46)  were  the  first  to  report  that  gonococci 
expressed  several  iron-regulated  proteins  when  grown  under 


iron-limited  conditions.  These  iron-regulated  proteins  were 
heterogeneous  with  respect  to  both  their  relative  migration 
during  sodium  dodecyl  sulfate-polyacrylamide  gel  electro¬ 
phoresis  and  their  presence  in  different  strains.  Only  one 
protein,  with  an  apparent  molecular  mass  of  97,000  daltons, 
appeared  to  be  conserved  among  all  the  gonococcal  strains 
examined.  Mietzner  et  al.  (40)  confirmed  the  previous  ob¬ 
servation  and  identified  a  previously  unrecognized  iron- 
regulated  protein  with  an  apparent  molecular  mass  of  37.000 
daltons.  This  protein  comigrated  with  the  protein  I  of  some 
strains  and  was  resolved  in  sodium  dodecyl  sulfate-polyacryl¬ 
amide  gel  electrophoresis  only  under  conditions  of  increased 
ionic  strength,  which  permitted  protein  1  and  the  37,000- 
dalton  protein  to  migrate  as  distinct  bands.  Although  the 
expression  of  most  of  the  other  iron-regulated  proteins 
varied  among  strains,  the  37.000-dalton  protein  was  common 
to  all  the  gonococcal  strains  examined.  Two-dimensional 
peptide  maps  of  this  protein  obtained  from  two  unrelated 
gonococcal  strains  were  identical,  suggesting  that  it  was 
highly  conserved. 

West  and  Sparling  (64)  examined  the  expression  of  gono¬ 
coccal  iron-regulated  proteins  during  growth  in  medium 
containing  different  iron  sources.  They  found  that,  with  the 
exception  of  the  37,0()0-dalton  protein  that  was  expressed 
under  all  conditions  of  iron  limitation,  most  of  the  iron- 
regulated  proteins  were  not  coordinately  regulated.  The 
expression  of  the  37,0()0-dalloii  i';  olel.i  under  all  conditions 
of  iron  limitation  and  by  all  of  the  strains  examined  prompted 
speculation  that  this  protein  played  a  key  role  in  the  acqui¬ 
sition  of  iron  by  N.  gonorrhoeae. 

The  gonococcal  37.000-dalton  protein  was  purified  by  a 
combination  of  selective  extraction  with  cetyltrimethylam- 
monium  bromide  and  column  chromatography  and  used  to 
produce  both  rabbit  monospecific  antiserum  and  murine 
monoclonal  antibodies  (39).  Using  these  reagents.  Mietzner 
et  al.  (38)  found  that  this  protein  was  antigenically  conserved 
among  strains  of  N.  gonorrhoeae.  N.  meningitidis.  N.  lac- 
tamica.  and  N.  cinerea.  Two-dimensional  peptide  maps  and 
N-terminal  amino  acid  sequences  from  the  37,000-dalton 
proteins  isolated  from  these  species  confirmed  that  the 
primary  structure  of  the  protein  was  highly  conserved  (C.-Y. 
Chen.  Ph.D.  thesis.  Oregon  Health  Sciences  University, 
Portland,  1988).  The  antigenic  and  structural  conservation  of 
these  37.000-dalton  proteins,  particularly  among  the  patho¬ 
genic  members  of  the  genus  Neisseria,  suggested  that  they 
may  serve  a  common  function  in  pathogenesis.  Acute-phase 
serum  specimens,  as  well  as  vaginal  wash  fluids  from  pa¬ 
tients  with  disseminated  gonococcal  infection  and  uncompli¬ 
cated  gonococcal  infections  (18.  44)  and  with  meningococcal 
infection  (18).  contained  immunoglobulins  that  reacted  with 
the  37.000-dalton  protein,  indicating  that  this  protein  is  both 
expressed  and  antigenic  in  vivo. 

The  37.000-dalton  protein,  purified  to  homogeneity  from 
both  N.  gonorrhoeae  and  N.  meningitidis,  contains  approx¬ 
imately  1  mol  of  Fe^'  per  mol  of  protein  (39,  42,  43). 
Furthermore,  when  isolated  from  gonococci  grown  in  a 
liquid  medium  containing  [''Fe]TF  as  the  only  source  of 
iron,  the  protein  was  labeled  with  ‘^'Fe  (42).  Whether  the 
''Fe  was  directly  transferred  from  TF  to  the  37,000-dalton 
protein  or  whether  one  or  more  intermediate  steps  were 
involved  in  this  process  is  not  known.  The  susceptibility  of 
the  37,000-dalton  protein  to  proteolytic  cleavage  following 
treatment  of  intact  gonococci  with  the  serine  protea.se  lysos¬ 
omal  cathepsin  G  suggested  that  certain  portions  of  this 
protein  were  surface  exposed  (56).  This  surface  exposure, 
subsequently  confirmed  by  surface  peptide  mapping  (C.-Y. 
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Chen  and  S.  A.  Morse,  Abstr.  Annu.  Meet.  Am.  Soc. 
Microbiol.  1988.  D-185.  p.  102).  indicated  that  a  direct 
interaction  between  TF  and  the  37,000-dalton  protein  was 
possible. 

The  gene  encoding  the  gonococcal  37.000-dalton  protein 
has  been  cloned  in  three  overlapping  fragments  and  se¬ 
quenced  (S.  Berish,  T.  A.  Mietzner,  and  S.  A.  Morse, 
unpublished  data).  The  consensus  amino  acid  sequence 
predicted  a  mature  protein  containing  308  amino  acids,  and 
the  molecular  weight  based  on  this  sequence  was  33,571. 
Hybridization  analysis  suggested  that  there  was  a  single 
copy  of  this  gene  in  the  gonococcal  chromosome. 

Tarkka  and  Sarvas  (62)  recently  reported  cloning  a  37,000- 
dalton  protein  from  N.  meningitidis.  However,  this  cloned 
gene  did  not  hybridize  to  several  different  oligonucleotide 
probes  specific  for  the  37,000-dalton  gonococcal  and  menin¬ 
gococcal  iron-regulated  proteins  and  hence  does  not  appear 
to  be  the  same  protein  (C.  Genco,  unpublished  results). 

The  availability  of  mutants  that  are  altered  in  their  ability 
to  utilize  specific  iron  sources  has  enabled  researchers  to 
more  closely  examine  the  relationship  between  iron  and 
virulence  and  to  study  the  mechanism  of  Fe  uptake  by  N. 
gonorrhoeae  and  N.  meningitidis.  Streptonigrin,  an  amino- 
quinone.  causes  deoxyribonucleic  acid  degradation  and  re¬ 
quires  iron  for  its  bactericidal  effect  (68).  It  has  been  used  to 
selectively  enrich  for  mutants  altered  in  their  ability  to  utilize 
specific  iron  sources.  Dyer  et  al.  (15)  described  a  mutant  of 
N.  meningitidis  that  was  impaired  in  its  ability  to  use 
TF-bound  iron.  This  mutant  did  not  produce  the  85,000-  and 
95,000-dalton  iron-repressible  outer  membrane  proteins. 
However,  genetic  transformation  experiments  indicated  that 
these  outer  membrane  proteins  were  probably  not  responsi¬ 
ble  for  the  TF-deficient  phenotype.  Recently,  Dyer  et  al.  (16) 
isolated  a  pleiotropic  iron  uptake  mutant  of  N.  meningitidis 
that  lacks  a  70.000-dalton  iron-regulated  protein.  This  mu¬ 
tant  was  markedly  deficient  in  the  uptake  of  iron  from  TF. 
LF.  citrate,  and  aerobactin.  These  authors  suggested  that 
the  70,000-dalton  protein  may  be  involved  in  the  uptake  or 
utilization  of  these  iron  sources;  however,  the  data  support¬ 
ing  this  hypothesis  were  not  conclusive. 

We  have  isolated  several  mutants  of  N.  gonorrhoeae  340 
that  grew  normally  with  heme  as  a  sole  source  of  iron  but 
were  deficient  in  the  uptake  of  TF-bound  iron  (our  unpub¬ 
lished  data).  The  parental  strain  was  virulent  in  the  mouse 
subcutaneous  chamber  model,  whereas  the  mutants  were 
avirulent.  Results  from  these  studies  indicated  that  gonococ¬ 
cal  strains  defective  in  iron  utilization  were  not  capable  of 
sustained  growth  in  vivo  and  suggested  that  iron  utilization 
was  required  to  initiate  an  active  infection. 

Despite  these  studies  on  iron-regulated  proteins  and  iron 
uptake  systems,  our  knowledge  of  the  biochemistry  and 
mechanism  of  iron  transport  by  the  pathogenic  Neisseria 
species  is  still  rudimentary. 

SULFUR  METABOLISM 

In  contrast  to  other  bacteria,  gonococci  and  meningococci 
are  restricted  in  the  way  they  can  obtain  sulfur  for  growth. 
All  strains  of  gonococci  and  some  strains  of  meningococci 
require  cystine  (or  cysteine)  for  growth  (8). 

DeVoe  et  al.  (14)  identified  thiosulfate  reductase  activity 
in  N.  meningitidis.  Other  forms  of  sulfur  that  supported 
meningococcal  growth  included  sulfate,  sulfite,  bisulfite, 
thiosulfate,  dithionite,  hydrosulfide,  thiocyanate.  L-cysteine, 
i.-cystine.  reduced  glutathione,  methionine,  mercaptosucci- 
nate.  and  lathionine  (52). 


LeFaou  (31)  demonstrated  the  presence  of  thiosulfate 
sulfur  transferase,  trithionate  reductase,  and  tetrathionate 
reductase  activities  in  N.  gonorrhoeae.  Despite  a  report  that 
gonococci  lacked  sulfite  reductase  (32),  Norrod  (47)  ob¬ 
served  that  the  addition  of  sulfite  to  medium  already  con¬ 
taining  cysteine  and  cystine  resulted  in  an  alteration  in  the 
structure  of  gonococcal  lipooligosaccharide. 

AMINO  ACID  METABOLISM 

Auxotyping  of  gonococci  (and  to  a  lesser  extent  meningo¬ 
cocci)  has  been  used  to  assist  epidemiologic  investigations. 
Gonococcal  amino  acid  metabolism  has  been  reviewed  pre¬ 
viously  (41);  more  recent  investigations  are  described  below. 

Arginine  biosynthesis  and  utilization  are  the  most  exten¬ 
sively  studied,  no  doubt  as  a  result  of  the  predominance  of 
the  Arg“  Hyx“  Ura“  auxotype  among  gonococci  isolated 
from  disseminated  infections.  A  high  proportion  of  Arg" 
strains  utilized  ornithine  in  place  of  arginine  (9),  suggesting 
that  there  were  defects  in  the  conversion  of  a-A^-acetylorni- 
thine  to  ornithine  or  in  the  carbamylation  of  ornithine  to 
citrulline.  Ornithine  transcarbamylase  activity  was  found  (9) 
and  subsequently  characterized  (57)  in  strains  that  were 
incapable  of  growing  on  ornithine,  suggesting  that  the  inabil¬ 
ity  to  utilize  ornithine  was  due  to  other  defects.  Powers  and 
Pierson  (53)  purified  and  characterized  ornithine  transcar¬ 
bamylase  from  N.  gonorrhoeae  and  found  that  the  enzyme 
was  similar  to  that  described  in  other  bacteria. 

Shinners  and  Catlin  (58)  examined  Arg“  Ura"gonococcal 
strains  for  glutamate  acetyltransferase.  aspartate  transcar¬ 
bamylase.  orotate  phosphoribosyltransferase.  and  carbamyl 
phosphate  synthetase.  They  discovered  that  strains  incapa¬ 
ble  of  growth  on  ornithine  lacked  carbamyl  phosphate  syn¬ 
thetase.  The  lack  of  this  enzyme  resulted  in  a  concomitant 
requirement  for  pyrimidines,  since  carbamyl  phosphate  is 
also  a  precursor  in  the  biosynthesis  of  these  compounds. 

A  large  number  of  clinical  isolates  of  N.  gonorrhoeae  have 
been  examined  and  grouped  according  to  their  amino  acid 
requirements  (23).  These  six  groups  included  nonrequiring, 
Pro“.  Orn".  Pro"  Cit“  Ura“,  Om"  Ura“  Hyx".  and  Cit“ 
Ura“  Hyx“  isolates.  Several  nonrequiring  and  Pro”  aux- 
otrophs  were  further  studied  to  determine  their  requirement 
for  proline  and  the  kinetics  of  growth  on  proline  (21T  Growth 
in  defined  medium  was  very  sensitive  to  proline  concentra¬ 
tion  and  to  whether  starch  or  fatty-acid-free  bovine  serum 
albumin  was  added  as  a  protective  agent.  Chen  and  Bu¬ 
chanan  (10)  purified  and  characterized  a  proline  iminopepti- 
dase  that  allowed  Pro'  auxotrophs  to  grow  in  a  medium 
consisting  in  part  of  proline-containing  polypeptides.  Proline 
utilization  by  nonrequiring.  Pro”,  and  thiamine-requiring 
auxotrophs  was  recently  studied  by  Pillon  et  al.  (51).  They 
determined  that  proline  was  utilized  efficiently  as  an  energy 
source  via  reactions  involving  the  tricarboxylic  acid  cycle. 

Aromatic  amino  acid  metabolism  has  been  recently  inves¬ 
tigated.  Some  strains  of  gonococci  are  sensitive  to  growth 
inhibition  by  phenylalanine  (22).  This  phenylalanine  sensi¬ 
tivity  was  found  to  be  due  to  feedback  inhibition  of  3- 
deoxy-D-<jr«6(no-hcptulosonate  7-phosphate,  an  enzyme  ac¬ 
tive  early  in  the  common  pathway  of  phenylalanine  and 
tyrosine  biosynthesis  (3).  Addition  of  tyrosine  to  the  medium 
negated  the  phenylalanine  repression. 

ANAEROBIC  GROWTH 

N.  gonorrhoeae  proliferates  and  grows  in  the  presence  of 
a  milieu  of  strict  anaerobic  organisms.  Its  normal  sites  of 
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infection  are  the  cervix,  rectum,  pharynx,  and  genitourinary 
tract.  In  addition,  gonococcal  pelvic  inflammatory  disease  is 
often  a  mixed  infection  with  obligate  anaerobes  (6), 

Kellogg  et  al.  (29)  reported  the  growth  of  .V.  goiio/r/ioewc 
under  low  oxygen  tension  and  its  survival  under  anaerobic 
conditions.  Short  et  al.  (.‘'9)  reported  the  survival  of  both 
clinical  and  laboratorv  isolates  of  .V.  t;i>iu>nhi>ciu‘  under 
anaerobic  conditions.  Of  the  laboratory  strains  examined,  all 
maintained  viability  better  at  27'C  than  at  .^7°C.  and  the 
.Arg  Hyx  Ura  strains  survived  better  than  strains  of 
other  auxotypes.  Of  21  clinical  isolates  examined,  ,1  were 
able  to  grow  anaerobically  on  prereduced  Martin-Lewis  agar 
plates;  attempts  to  subculture  these  isolates  anaerobically 
were  not  successful.  The  addition  ot  tlie  electron  acceptors 
nitrate  or  fumarate  or  both  to  the  medium  did  not  support  the 
anaerobic  growth  of  these  strains. 

Knapp  and  Clark  (.10)  examined  204  strains  of  ,V.  go/ior- 
r/ioi'dc  for  their  ability  to  grow  anaerobically  with  nitrite  as 
the  terminal  electron  acceptor.  All  strains  grew  anaerobi- 
call>  w  ith  subtoxic  concentrations  of  nitrile.  The  generation 
time  of  .V.  ^ononhocuc  growing  anaerobically  in  the  pres¬ 
ence  of  nitrite  was  almost  as  rapid  as  that  of  gonococci 
growing  aerobically  in  the  same  medium  lacking  nitrite;  the 
final  turbidity  that  was  achieved  anaerobically  was  compa¬ 
rable  to  that  obtained  aerobically.  Cytochrome  oxidase  and 
nitrite  reductase  were  produced  constitutively  under  both 
anaerobic  and  aerobic  conditions.  There  was  no  grow'th  of 
.V.  siononhoccic  with  sulfite  as  a  terminal  electron  acceptor. 
The  ability  of  gonococci  to  grow  either  aerobically  or  anaer¬ 
obically  may  allow  them  to  proliferate  on  any  mucosal 
surface  of  the  body  to  w  hich  they  can  attach  and  may  explain 
how  they  can  be  isolated  from  mixed  infections  with  obligate 
anaerobes, 

Clark  et  al.  (11)  compared  the  outer  membrane  protein 
composition  of  aerobically  and  anaerobically  grown  N. 
{’onorrhoeiic  strains  by  one-  and  two-dimensional  polyacryl¬ 
amide  gel  electrophoresis.  Anaerobic  growth  of  N.  fioiior- 
rluH'iw  resulted  in  both  the  induction  and  the  repression  of 
outer  membrane  proteins.  The  expression  of  at  least  three 
proteins  (Pan  1  to  Pan  .1)  was  increased  during  anaerobic 
growth.  Pan  1  and  Pan  2  were  highly  conserved  among 
gonococcal  strains  in  that  they  had  identical  apparent  mo¬ 
lecular  masses.  During  continuous  culture,  a  protein  with  a 
molecular  mass  similar  to  that  of  Pan  1  was  observed  only 
under  anaerobic  conditions,  whereas  other  proteins  that 
were  expressed  under  these  conditions  were  also  observed 
under  other  conditions  of  nutrient  limitation  (26).  Thus.  Pan 
1  may  be  specifically  induced  by  anaerobiosis.  and  Pan  2  and 
Pan  .7  may  be  synthesized  in  response  to  nutritional  stress.  In 
addition.  Clark  et  al.  (11)  observed  at  least  five  other 
proteins  (Pox  1  to  Pox  .^)  that  were  expressed  at  higher  levels 
in  aerobically  grown  cells.  Anaerobic  growth  did  not  signif¬ 
icantly  alter  the  expression  of  other  major  outer  membrane 
proteins  (proteins  1.  11,  III.  pilin.  and  H.8).  No  apparent 
differences  in  lipopolysaccharide  composition  were  ob¬ 
served  between  aerobically  and  anaerobically  grown  gono¬ 
cocci. 

fhe  expression  of  new  outer  membrane  proteins  during 
anaerobic  growth  indicated  that  these  proteins  were  under 
genetic  regulation  and  thus  may  be  involved  in  colonization 
or  pathogenesis  at  anaerobic  sites.  Indeed.  Clark  et  ai.  (12) 
have  found  that  serum  specimens  from  convalescent  patients 
with  pelvic  inflammatory  disease  or  uncomplicated  gonococ¬ 
cal  infection,  but  not  normal  human  serum,  contained  immu¬ 
noglobulins  that  strongly  reacted  with  Pan  1  in  Western 
blots. 


CONTINUOUS  CULTURE 

Studies  of  the  pathogenesis  of  N.  I'onorrlioccie  and  N. 
mcnin^iitkHs  have  classically  involved  the  use  of  bacteria 
grown  either  on  solid  medium  or  in  liquid  culture  to  log 
phase.  Although  they  provide  important  data,  these  studies 
suffer  from  problems  that  are  inherent  with  the  use  of  plate- 
or  batch-grown  cells.  Bacterial  growing  in  a  closed  system 
(e.g..  batch  culture)  are  exposed  to  a  continually  changing 
environment.  In  contrast,  the  in  vivo  environment  is  rela¬ 
tively  constant,  as  ensured  by  homeostatic  mechanisms  of 
the  host.  The  constraints  of  using  bacteria  grown  in  closed 
systems  can  be  circumvented  by  using  continuous  culture. 
The  chemostat  is  ideal  for  strictly  controlling  growth  condi¬ 
tions  and  providing  a  uniform,  constant  environment. 

Results  of  continuous-culture  studies  have  demonstrated 
that  nutrient-limited  growth  can  produce  significant  alter¬ 
ations  in  the  cell  envelope.  Peptidoglycan  obtained  from 
chemostat-grown  gonococci  had  significantly  less  O-acety- 
lation  than  that  obtained  from  batch-grown  cells  did.  al¬ 
though  no  difl'erences  in  cross-linking  were  observed  (4). 
Leith  and  Morse  (.7.7)  grew  nonpiliated  gonococci  under 
glucose-limited  conditions  and  observed  decreasing  quanti¬ 
ties  of  several  outer  membrane  proteins  when  the  dissolved 
oxygen  concentration  was  reduced  from  .sq  to  4%  of  satura¬ 
tion.  Subsequently,  gonococci  grown  under  glucose  limita¬ 
tion  at  high  dissolved-oxygen  levels  (80  to  l(K)9f)  became 
completely  serum  resistant  at  specific  growth  rates  greater 
than  0.7  (4.*').  This  decrease  in  serum  sensitivity  occurred 
concurrently  with  decreasing  cell  surface  hydrophobicity 
and  increasing  amounts  of  lipopolysaccharide  serotype  anti¬ 
gen.  Coincidently.  total  serum  resistance  occurred  at  the 
point  at  which  glucose  was  no  longer  totally  depleted. 

Manchee  el  al.  (74)  grew  piliated  gonococci  in  continuous 
culture  in  a  defined  medium  at  a  dissolved  oxygen  concen¬ 
tration  of  20'T.  The  bacteria  remained  piliated  for  longer 
than  21  days  and  were  virulent  when  evaluated  in  the  guinea 
pig  subcutaneous  chamber  model.  Keevil  et  al.  (26.  27) 
found  that  iron-limited  gonococci  remained  piliated  and  were 
highly  virulent  for  guinea  pig  subcutaneous  chambers.  How¬ 
ever,  switching  to  glucose-limited  growth  resulted  in  loss  of 
piliation  but  retention  of  virulence.  In  contrast,  cystine- 
limited  gonococci  were  piliated  but  avirulent.  Keevil  et  al. 
(28)  have  recently  studied  plasmid  maintenance  in  two 
gonococcal  strains  grown  in  a  chemostat  under  glucose 
limitation.  One  strain  retained  the  conjugative  (24.5-mega- 
dalton),  p-lactamase  (7.2-megadalton)  and  cryptic  (2.6- 
megadalton)  plasmids  during  96  generations  in  continuous 
culture.  The  other  strain,  containing  the  conjugative.  cryp¬ 
tic,  and  4.4-megadalton  p-lactamase  plasmids,  lost  the  con¬ 
jugative  plasmid  after  70  generations;  the  4.4-  and  2.6- 
megadalton  plasmids  were  lost  by  100  generations. 


ADDITIONAL  COMMENTS 

Studies  of  the  physiology  and  metabolism  of  the  patho¬ 
genic  Neissvvia  species  are  important  in  furthering  our 
knowledge  of  the  interaction  of  these  microorganisms  with 
the  human  host.  Studies  similar  to  those  cited  in  this  review 
will  complement  studies  on  the  genetics,  molecular  biology, 
and  pathogenesis  of  N .  ^onoirlwciw  and  N .  A 

thoroughly  integrated  approach  will  enable  investigators  to 
solve  problems  associated  with  the  prevention  of  infections 
caused  by  these  microorganisms. 
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The  study  of  the  major  outer  membrane  (OM)  protein, 
protein  1  (PI),  of  .S'eisserin  t^onorrhoeae  has  proven  ’o  be  as 
fascinating,  and  as  frustrating,  as  every  other  aspect  of  this 
remarkable  bacterium.  However,  intensive  studies  over  the 
last  few  years  have  provided  significant  insight  into  the 
structure,  function,  and  genetics  of  this  abundant,  surface- 
exposed  porin  protein.  There  are  two  forms  of  PL  which 
share  up  to  StKr  homology.  The  diversity  of  the  exposed 
portion  of  the  molecules  among  strains  presents  an  ever- 
changing  immunogenic  and  antigenic  dilemma  to  the  rein¬ 
fected  host.  Yet.  it  is  the  variability  of  the  PI  surface 
epitopes  that  has  provided  a  precise  method  of  serotyping  N. 
yononhneae.  making  it  possible  to  monitor  the  prcvalance 
and  spread  of  strains  within  the  host  population  and  corre¬ 
late  functional  differences  between  strains  with  PI  structural 
types. 

Recent  successes  in  cloning  and  sequencing  of  both  PI 
structural  subclasses  have  already  contributed  to  our  under¬ 
standing  of  the  mechanism(s)  whereby  /V.  aonarrhoene 
generates  PI  structural  diversity.  Continued  investigation  is 
needed  to  clarify  the  relationship  between  PI  type  and 
disseminated  disease,  resistance  to  serum  killing,  auxotypic 
requirements,  interaction  with  host  cells,  and  resistance  to 
antibiotics.  Observations  regarding  the  ability  of  PI  to  inter¬ 
act  with  eucaryotic  membranes  suggest  a  role  for  PI  in  the 
pathogenesis  of  ,V.  nontnrhoeae.  whereas  immune  respon¬ 
siveness  of  patients  to  PI  points  to  the  possibility  of  a  PI 
vaccine.  Clearly,  at  the  molecular  level.  PI  represents  all  the 
mystery  and  intrigue  that  N.  ftonotrlioeue  presents  at  the 
organism  level.  Certainly,  much  remains  to  be  learned 
before  we  have  a  complete  picture  of  the  structure,  function, 
and  genetics  of  PL 

STRUCTURE 

PI  (7.4)  is  known  to  exist  in  two  structurally  related  forms, 
designated  subclass  PIA  and  subclass  PIB  (61),  which  have 
different  orientations  in  the  OM  (2.  4).  A  given  strain  or  N. 
y'onorrluieae  expresses  a  single,  invariant  PI  of  one  of  the 
other  subclass,  which  accounts  for  up  to  6097  of  the  protein 
in  the  OM  (.46),  whether  grown  aerobically  or  anaerobically 
(16).  There  is  significant  structural  variation  within  the 
subclasses,  resulting  in  proteins  of  different  apparent  molec¬ 
ular  mass  (.42,  72),  different  isoelectric  points  (with  some  as 
low  as  ,4, ,4,  but  most  close  to  8.0)  (4),  and  unique  immuno¬ 
logical  reactivities  (6.  44.  61-64,  74).  PIAs  tend  to  be  smaller 
than  PIBs,  ranging  in  apparent  molecular  mass  from  about  44 
to  46.4  kilodaltons  (kDa).  whereas  PIBs  range  from  about  .46 
to  48  kDa  (48.  42.  72.  74)  (Fig.  1).  Regardless  of  subclass.  Pis 
appear  to  associate  as  trimeric  porins  which  form  hydro¬ 
philic  channels  through  the  OM  (4.  19.  41.  78).  Proteins  of 
both  subclasses  show  immunological  variation  (6.  44.  61-64. 
74).  which  tends  to  be  localized  in  surface-exposed  portions 
of  the  molecules  (14.  40.  42.  44.  46.  74).  Pis  also  interact  with 
other  OM  components,  such  as  protein  III  (Pill)  (44.  74)  and 
lipooligosaccharide  (L(JS)  (41).  to  form  complex  OM  struc¬ 
tures. 

The  amino  acid  sequences  of  a  representative  PIA  (strain 


F.A19)  (14)  and  two  PIBs  (strains  RIO  [24]  and  MSI  1  [14])  are 
known.  PIA  and  PIB  have  identical  19-amino-acid  leader 
sequences  which  are  cleaved  to  produce  the  functional 
protein  (14.  14.  24).  There  is  64  to  SOf-l  homology  between 
PIA  and  amino  acid  sequences  of  the  two  PIBs.  confirming 
similarities  previously  observed  by  peptide  mapping  (2.  49. 
40.  61.  72).  Peptide  mapping  studies  of  Pl.\s  and  PIBs  and 
sequence  data  for  two  PIBs  (14)  indicate  that  there  is  a 
higher  degree  of  homology  within  the  subclasses  (2,  44.  61. 
72).  The  predicted  molecular  masses  from  the  deoxyribonu¬ 
cleic  acid  (DNA)  sequences  are  about  44  kDa  for  the  PIA 
and  44.4  to  46  kDa  for  the  PIBs.  These  masses  are  remark¬ 
ably  close  to  the  apparent  molecular  masses  derived  by 
sodium  dodecyl  sulfate-polyacrylamide  gel  electrophoresis 
and  are  consistent  with  the  masses  of  Escherichin  coli  porin 
proteins  (14.  20.  24).  Additionally,  the  PI  sequences  reveal 
an  absence  of  long  hydrophobic  stretches  and  a  lack  of 
cysteine,  and  they  have  iibout  2497  sequence  homology  with 
E.  coli  trimeric  porins  (24).  Hydropathy  patterns  of  the 
predicted  PI  sequences  are  also  consistent  with  patterns  of 
E.  coli  OmpC  and  OmpF  porins  ( 14).  providing  evidence  that 
PI  molecules  act  as  porin  proteins,  forming  hydrophilic 
channels  across  the  OM  (4.  19.  41.  78i. 

Sequence  differences  between  the  PIA  and  PIB  subclasses 
result  in  different  orientations  of  the  Pis  in  the  OM  (Fig.  2). 
PIAs  are  oriented  in  the  OM  in  such  a  manner  that  they  have 
a  relatively  small  portion  (14  to  20  amino  acids)  of  the  protein 
exposed  on  the  bticterial  surface  (2.  4.  42.  44.  68).  PIBs 
traverse  the  membrane  at  least  twice,  having,  perhaps,  both 
termini  embedded  in  the  OM  (2,  4.  68).  Thus.  PIAs  are 
resistant  to  in  situ  proteolysis  by  trypsin  and  a-chymotrypsin 
(2.  4.  44.  68).  with  only  a  short  portion  of  the  molecule  being 
susceptible  to  cleavage  by  proteinase  K.  Cleavage  of  purified 
PIAs  from  two  strains  of  N.  f>onorrhoe<ie  w'ith  leucine 
aminopeptidase.  followed  by  immunoblot  analysis,  indicated 
that  the  N-terminus  is  the  exposed  portion  of  PIAs  (42).  A 
very  recent  study  (14).  in  which  shuttle  mutagenesis  was 
used  to  introduce  a  selectable  marker  near  the  PI  gene,  used 
transformation  to  locate  surface  epitopes  of  PIA  and  PIB  in 
PIA-PIB  hybrids.  This  study  confirmed  the  N-terminal  ex¬ 
posure  of  PIA.  but  suggested  that  there  may  be  C-terminal 
exposure  as  well. 

PIBs  are  very  susceptible  to  in  situ  cleavage  by  exogenous 
proteases  such  as  trypsin,  a-chymotrypsin.  and  proteinase  K 
and  by  neutrophil  proteases  such  as  elastase  and  cathepsin  G 
(W.  M.  Shafer,  personal  communication),  which  cleave  a 
central  portion  of  the  molecule,  leaving  two  membrane- 
bound  fragments  (2,  4.  44).  Cleavage  of  purified  PIBs  with 
CNBr  (76)  and  endopeptidases  (21).  followed  by  immunoblot 
analysis,  demonstrated  that  the  central  portion  of  PIB  is  the 
surface-exposed  portion  of  the  molecule.  Analysis  of  PIA- 
PIB  hybrids  suggested  that  a  portion  of  the  N  terminus  may 
also  be  exposed  in  PIBs  (14).  The  portions  of  the  Pis  that  are 
exposed  on  the  surface  tend  to  be  variable  (14.  40.  42.  44.  46, 
74)  and  possess  epitopes  which  allow  for  immunological 
classification  of  strains  based  on  the  structural  variation 
within  the  PIA  and  PIB  subclasses  (6.  46,  61-64.  74). 
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FIG.  1.  Separation  of  whole-cell  1>  sates  of  N.  aonorrhovue  JSl. 
.‘!776.  8658.  JS2.  CS7,  FA19,  FA6.18,  JS.7.  7929.  and  JS4  by  sodium 
dodecyl  sulfate-polyacrylamide  gel  electrophoresis  in  a  12.^4  gel. 
The  top  panel  is  the  central  portion  of  a  Coomassie  brilliant  blue 
(CBB'-stained  gel  which  shows  the  range  of  apparent  molecular 
masses  of  PI.  The  apparent  molecular  masses,  expressed  in  kilodal- 
tons  (K),  of  the  PI  of  each  strain,  as  determined  by  comparison  with 
the  Bio-Rad  low-molecular-weight  markers  (mw)  are  as  follows: 
JSl,  37.7  kDa;  5776.  36.9  kDa;  8658.  37.3  kDa:  JS2.  .36.3  kDa;  CS7, 
35.7  kDa;  FA19.  35.7  kDa;  FA638.  35.7  kDa;  JS.3  35.7  kDa:  7929, 
35.2  kDa;  and  JS4,  34.6  kDa.  The  middle  panel  is  an  immunoblol 
using  the  PlB-specific  .3C8  MAb  (75),  and  the  bottom  panel  is  an 
immunoblot  using  the  PIA-specific  4G5  MAb  (75).  Both  blots  were 
probed  with  anti-mouse  IgG-horseradish  peroxidase.  The  PI  sub¬ 
class  of  ettch  strain,  as  determined  by  ‘-'l-labeled  peptide  mapping 
(42).  is  given  as  a  subscript  to  each  strain  designation.  Note  that 
although  the  PIBs  tend  to  be  larger  than  the  PIAs.  there  is  consid¬ 
erable  overlap  in  their  apparent  molecular  masses.  Also  note  that 
not  all  Pis  bind  these  widely  reactive  anti-Pl  MAbs  (e.g..  strains  JS3 
and  J.S4).  necessitating  further  analyses  to  determine  the  PI  subclass 
of  these  nonreactive  strains. 


Initial  efforts  to  serotype  N.  ffonorriwecie  involved  the  use 
of  antisera  raised  against  OM  vesicles  (36).  PI  was  a  domi¬ 
nant  antigen  in  these  vesicles  (36,  52).  indicating  that  it  might 
be  useful  in  serotype  analyses.  Sandstrom  and  Danieisson 
(63),  using  absorbed  polyclonal  antisera  in  coagglutination 
assays,  were  able  to  separate  N.  nononhoctu’  into  three 
serogroups  designated  Wf,  WII.  and  Will.  A  second  method 
of  serogrouping.  involving  the  use  of  anti-PI  antibodies  in  an 
enzyme-linked  immunosorbent  assay,  was  developed  by 
Buchanan  and  Hildebrandt  (6).  This  system  divided  gono¬ 
cocci  into  nine  serotypes.  Further  studies  showed  that  both 
serogrouping  systems  correlated  with  the  PI  subclass;  the 
WI  strains  and  serogroup  1  to  3  have  a  PI  A.  and  the  WII  and 


Will  strains  and  serogroups  4  to  9  have  a  PIB  (61.  63).  A 
series  of  Pl-specific  monoclonal  antibodies  (MAbs)  have 
since  been  produced  (Fig.  1)  which  react  with  different 
epitopes  on  or  near  the  surface-exposed  portion  of  the  PI 
molecules  (46.  75),  On  the  basis  of  the  reactivity  patterns  to 
these  “banks"  of  PIA-  or  PIB-specific  MAbs  in  coagglutina¬ 
tion  assays,  systems  of  serotyping  have  been  developed  that 
classify  strains  into  serovariants.  or  serovars.  Thus,  strains 
of  .V.  fitiiiorrlideac  can  be  described  by  their  PI  subclass  and 
the  reactivity  of  the  PI  with  the  serovar  MAbs  (e.g..  PlA-1 
indicates  that  this  strain  has  a  PIA  that  reacts  with  all  six  of 
the  serovar  MAbs)  (46.  65.  75).  The  large  number  of  serovar 
patterns  demonstrates  the  wide  structural  variation  in  or 
around  the  surface-exposed  regions  of  the  Pis  (45.  46.  75). 
Exposure  analyses  have  confirmed  the  structural  variability 
of  the  surface-exposed  regions  of  the  Pis  (21.  40,  42,  44.  76). 

Primary  structural  diftereiices  are  not  the  only  factors 
affecting  PI  structure  in  the  OM.  PI  molecules  interact  to 
form  trimeric  porin  structures  (3.  51).  Pill  also  interacts  with 
PI  in  the  OM  in  a  rtiUo  of  three  PHI  molecules  to  one  PI 
molecule,  forming  a  complex  that  can  be  chemically  cross- 
linked  (55).  Swanson  et  al.  (74)  confirmed  an  in  situ  associ¬ 
ation  of  PI  and  Pill  by  demonstrating  that  anti-Plll  MAb 
coprecipitated  PI.  PHI  may  therefore  participate  in  the 
formation,  stabilization,  and/or  operation  of  the  trimeric  PI 
pore.  A  noncovalent  association  between  LOS  and  Pi  has 
also  been  demonstrated  (31).  Although  the  nature  of  this 
association  is  not  known,  variation  of  LOS  structure  does 
correlate  with  differences  in  PI  exposure  in  strains  of  /V. 
f’oiKinliocae  having  structurally  identical  PIAs  or  PIBs 
(R.  C.  Judd  and  W.  M.  Shafer.  Mol.  Microbiol.,  in  press). 
Recent  studies  have  demonstrated  that  PI  is  associated  with 
peptidoglycan  (PG)  (S.  A.  Hill,  Ph.D.  thesis.  University  of 
Montana.  Missoula.  1987).  perhaps  serving  to  anchor  the 
OM  to  PG  at  critical  sites.  Neither  protein  Hs.  pili.  nor  H.8 
antigen  appear  to  interact  directly  with  PI  in  the  OM  (32.  60). 
A  recent  study  by  Robinson  et  al.  (60)  demonstrated  that  the 
availability  of  PI  to  bind  Pl-specific  MAb  and  polyclonal 
antibody  in  intact  cells  varied  extensively,  even  within  the 
same  culture.  This  raises  the  possibility  that  structurally 
identical  Pis  do  not  have  the  same  orientation  in  all  cells: 
that  PI  is  not  expressed  in  all  cells;  or  that  some  other,  as  yet 
undescribed,  interaction  between  PI  and  another  OM  com- 
ponent(s)  is  occurring  differently  in  different  cells  (60). 

FUNCTION 

The  known  function  of  PI  is  to  form  hydrophilic  pores 
across  the  OM  (porin)  (3.  19,  51).  The  porin  function  of  PI  is 
clearly  neces.sary  for  the  survival  of  the  bacterium,  allow  ing 
nutrients  to  penetrate  into  the  cell  and  waste  materials  to 
exit.  Other  possible  cellular  functions  of  PI  have  been 
suggested,  such  as  translocation  into  recipient  membranes 
(3,  49)  and  association  with  PG  (Hill.  Ph.D.  thesis).  PI 
subclass  has  been  associated  with  such  traits  as  serum 
resistance  (12,  29,  38.  57).  resistance  to  antibiotics  (1,  8,  33. 
35,  -59),  auxotype  (5,  24,  47,  .54,  64),  and  expression  of  type 
1  or  type  2  immunoglobulin  Al  (IgAl)  prot  ase  (54).  The  role 
of  PI  in  pathogenesis  remains  elusive,  but  the  PI  subclass  has 
been  associated  with  certain  clinical  states  such  as  dissemi¬ 
nated  gonococcal  infection  and  localized  mucosal  disease  (5, 
9.  50.  54,  .56.  64). 

The  porin  activity  of  Pis  has  been  investigated  by  analyz¬ 
ing  their  ability  to  conduct  electric  currents  when  placed  in 
lipid  bilayers  (3,  49,  51.  78).  Pis  inserted  into  artificial 
membrane  bilayers  conducted  current  in  bursts,  indicating 
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FIG.  2.  Model  of  PIB  and  PIA  in  O.M-,  of  ,V,  fiitnorrlun-ac  based  on  in  siui  cleavage  by  u-chyniolrypsin  laC  )  or  proteinase  K  (PKl.  The 
Pis  were  cleaved  to  yield  the  fragmenls  shown  in  this  model.  C,.  C-.  PK,'.  which  is  further  cleaved  to  produce  the  PK,  fragment,  and  PK. 
are  produced  when  PIB-bearing  strains  are  treaced  with  «-chyniotrynsin  proteinase  K.  The  PK.,  fragment  is  generated  when  Pl.A-bearing 
strains  are  treated  with  proteinase  K.  PlAs  are  resistant  to  in  situ  cleavage  by  u-chymvtrypsin  and  trypsin.  On  the  basis  of  these  cleavage 
patterns.  PIB  has  a  central  portion  of  the  molecule  exposed  on  the  surface,  with  both  termini  embedded  in  the  membrane,  wi  reas  Pl.As  have 
a  short  portion  of  the  N  terminus  142)  exposed  on  the  bacterial  surface.  Reproduced  from  hifccUnii  uiul  liiiiniiiiiiy  (2)  w  ith  permission  of  the 
publisher. 


the  pores  existed  in  two  states,  open  or  closed  (.^.  49). 
Moreover,  gonococcal  Pis  showed  incremental  voltage  gat¬ 
ing  of  current  across  a  lipid  hilayer  in  a  manner  characteristic 
of  trimeric  porins  (20.  51).  Thus.  Pis  appear  to  be  porins  with 
three  PI  molecules  combining  to  form  hydrophilic  channels, 
through  the  OM  (Fig.  .1).  The  diameter  of  the  pore  has  been 
estimated  to  be  2.5  nm  (19).  with  an  anion-selective  channel 
ranging  in  Cl“/K  ‘  selectivity  from  6;1  (for  PIBs)  to  .5;1  (for 
PlAs)  (3.  78). 

Further  studies  with  lipid  bilayers  have  indicated  that 
gonococcal  Pis  sponcaneously  insert  into  these  membranes 
in  an  inverted  manner  (.3.  49).  The  rate  of  insertion  of  N. 
iionorrhoeae  Pis  was  lower  for  PIBs  (5  to  10  pores  per  hi 
than  for  PlAs  (100  pores  per  h)  when  10'’  organisms  were 
placed  in  the  test  system.  In  comparison.  Neisseria  sicca  did 
not  transfer  porin  function  to  the  bilayer,  even  when  10‘' 
organisms  were  used,  whereas  UT  organisms  of  Neisseria 
meninyiitidis  transferred  up  t<  1,500  pores  per  h  (3,  49). 
Interestingly,  gonococcal  strains  isolated  from  patients  with 
disseminated  disease  had  greater  pore-forming  activity  than 
did  strains  isolated  from  mucosal  sites  (3).  perhaps  reflecting 
the  observation  that  80  to  909f  of  disseminated  gonococcal 
infection  isolates  express  the  PIA  subclass.  It  has  been 
demonstrated  that  PI  can  be  inserted  into  erythrocytes  (3) 
and  that  transfer  is  facilitated  when  the  recipient  membrane 
is  more  fluid  than  the  bacterial  OM  (3).  The  effect  of  this 
transfer  on  pathogenesis  is  unclear.  It  has  been  shown  that 
neutrophils  pretreated  with  purified  PI  had  a  decreased 
ability  to  exocytose  granules  and.  in  response  to  stimulation 
with  N-formyl-Met-Leu-Phe.  failed  to  increase  their  surface 
area  and  did  not  aggregate  as  well  as  control  cells  (25).  PI  has 
also  been  shown  to  bind  calmodulin  (3).  a  eucaryotic- 
cell-regulatory  molecule.  The  effect  of  these  activities  on 
pathogenesis  remains  unclear,  but  is  seems  reasonable  that 
PI  mediates  important  events  in  host  cells  that  contribute  to 
bacterial  survival  and  pathogenesis. 

N.  ^onarrhoeae  lacks  a  protein  analogous  to  Braun's 
lipoprotein  found  in  E.  coli  (26).  Recently.  PI  has  been 
shown  to  be  one  of  several  PG-associate.l  proteins  (.30). 
suggesting  that  PI  may  help  bind  the  OM  to  PG.  This  is 
supported  by  the  observation  that  PI  binds  lectins  that  arc 
specific  for  sugars  found  in  gonococcal  PG  (Flill.  Ph.D. 
thesis).  Moreover,  antibody  raised  against  highly  purified 
PIB  (R.C,  .ludd.  Abstr.  Third  Biannual  UA/UC  Conf.  Patho¬ 


genic  Bacteria,  abstr.  no.  5,  p.  1)  cross-reacted  extensively 
w'ith  several  other  PG-associated  proteins,  while  antibody 
made  to  a  purified  6()-kDa  PG-associated  protein  reacts  with 
PI.  indicating  that  PI  shares  epitopes,  probably  of  PG  origin, 
with  these  molecules. 

Protein  I  has  been  associated  with  several  traits  that  are 
important  to  disease.  The  availability  of  serotyping  reagents 
(46.  75)  has  made  i'  possible  to  correlate  PI  subclass  with 
many  characteristics  of  the  organism  as  well  as  the  nature  of 
the  infection  caused  by  a  particular  isolate.  PIA  has  been 
associated  with  resistance  to  killing  by  normal  human  serum 
(29.  38.  57),  As  with  most  things  gonococcal,  the  association 
is  not  absolute,  A  recent  study  comparing  susceptibility  to 
killing  by  normal  human  serum  in  transformant  .drains  which 
have  identical  PlAs  or  PIBs  in  differing  LOS  and  H.8  antigen 
backgrounds  demonstrated  that  PI  subclass  does  not  ac¬ 
count  for  serum  resistance  (R.  K.  Pettit.  J.  C.  Scuba,  and 
R.  C.  Judd,  unpublished  data),  confirming  that  other  bacte¬ 
rial  components  must  play  a  role  in  resistance  (11.  12, 
69-71). 

There  does  appear  to  he  a  relationship  between  PI  sub¬ 
class  and  antibiotic  resistance.  Several  studies  indicate  that 
resistance  to  rifampin  (8).  thiamphenicol  (8),  ampicillin  (59), 
and  penicillin  (59.  67)  correlates  strongly  with  the  PIB 
subclass.  Correlations  between  PI  subclass  and  antibiotic 
resistance  are  somewhat  dependent  on  geographical  location 
(33.  35.  59).  and  both  PIA-  and  PIB-bearing  strains  are 
capable  of  plasmid-  and  chromosome-mediated  resistance  to 
antibiotics.  There  is  a  consistent  correlation  between  the 
arginine  hypoxanthine  '  uracil  ( AHU  “ )  auxotype  and  PIA 
(5,  24.  47.  54,  64).  Other  auxotypes  do  not  correlate  as 
strongly  with  a  particular  PI  subclass.  Therefore,  serotyping 
schemes  have  been  developed  which  combine  the  PI  serovar 
and  auxotype  to  classify  gonococcal  isolates  (24,  45). 

Another  association  regarding  PI  subclass  is  the  produc¬ 
tion  of  type  1  IgAl  protease,  which  is  produced  predomi¬ 
nantly  by  AHU  ,  PIA-bearing  strains,  and  type  2  IgAl 
protease,  which  is  produced  by  many  other  auxotypes  and 
serovars  (54).  The  AHU  auxotype  and  PIA  subclass  do 
correlate  with  the  ability  to  cause  disseminated  infection  (5, 
9.  47,  .50,  54,  56.  64):  the  majority  (>859f)  of  blood  isolates 
possess  the  PIA  subclass  of  PI,  and  about  60'7f  are  AHU’ 
(47,  56).  Mucosal  isolates  tend  (->60fT)  to  possess  the  PIB 
subclass  of  PI.  It  is  important  to  note  that  both  PIA-  and 
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H(i,  Three-dimen^ion^il  reconstruction  oflhe  smiill  he,xag()mil 
form  of  a  Irimcric  porin  formed  by  coli  matrix  proleir  (OmpF)  in 
reeonxtituled  phospholipid  membranes  as  viewed  externally  la)  and 
internally  (bl.  Condtictanee  measurements  demonstrated  a  series  of 
voltage-dependent  openings  and  closings  indicative  of  a  trimeric 
pore  as  depicted  in  panel  a,  fhe  three  pores,  which  open  and  close 
independently,  merge  to  form  a  single  channel  on  the  pcriplasmic 
side  to  the  membrane  (panel  b).  Conductance  experiments  on  PI  of 
.V.  cnonhocdc  inserted  into  lipid  membranes  demonstrated  similar 
voltage-dependent  gating  data  l.'il).  indicating  that  PI  forms  trimeric 
pores  analogous  to  those  formed  by  the  E.  l  oli  matrix  protein  as 
seen  here.  Reprinted  from  \iiiiiic  (London)  (20)  with  permission  of 
the  publisher. 

PIB-hearing  strains  have  been  isolated  from  blood,  joints, 
iind  mucosal  sites  (.s().  .Sb). 

The  host  immune  response  to  PI  depends  on  previous 
immune  sttilus  (2S.  6(S)  and  site  (48.  .‘'6)  tind  duration  (22,  28. 
79)  of  infection.  Severtil  studies  httve  demonstrated  that 
normtil  human  serum  cvtntains  anti-PI  antibody.  In  one 
study,  normtil  human  serum  wtis  shown  to  specifictilly  inhibit 
iinti-PI  monoclontil  tinlibody  binding.  This  inhibiting  anti¬ 
body  in  normtil  human  serum  was  opsonic  (66).  In  a  pre-  and 
posturclhral  infection  study,  immunoblot  analysis  showed 
thtil  12  of  17  men  possessed  preformed  anti-gonococcal 
iintibody.  some  directed  against  PI.  perhaps  being  cross- 
reactive  antibody  from  previous  exposure  to  ;V.  iiiriiinieilitlis 
or  other  grtim-negative  organisms  (28).  Tollowing  infection, 
nine  men  showed  a  temporal  increase  in  antibody  levels 
iigitinsi  gonococcal  tinligens,  including  PI  (28).  A  study 
comptiring  iintibodies  in  serum  and  vtigintil  fluid  from  women 
with  disseminalerl  gonococctil  infection,  pcrilonetil  inflam¬ 


matory  disease,  and  uncomplicated  mucosal  infections  indi- 
Ciited  that  both  IgG  and  IgA  in  vaginal  fluid  reacted  more 
strongly  with  PI  of  the  infecting  strain  of  A'.  r;<in<>rrli(>c(ic 
than  did  serum  antibody  (48).  Radioimmiiiioprecipitation 
studies  of  serum  from  sexual  partners  suffering  from  local¬ 
ized  mucosal  infections  demonstrated  that  both  men  and 
women  produced  anti-Pl  antibody  in  their  sera  in  response  to 
infection  t79). 

The  role  of  anti-Pl  antibody  in  infection  is  unknown. 
However,  the  possibility  that  anti-Pl  antibody  is  important  in 
limiting  infection  is  supported  by  the  observation  that  anti- 
Plll  antibody  blocked  the  bactericidal  activity  of  anti-Pl 
antibody  in  convalescent-phase  serum  (.78).  reflecting  the 
close  association  of  PI  and  Pill  in  the  OM.  When  anti-Plll 
antibodies  were  removed  from  the  serum,  bactericidal  activ¬ 
ity  was  restored  (.78).  indiciiting  that  ;inti-PI  antibody  in 
patient  serum  can  kill  A',  ^ononlioccic. 

Many  anti-Pl.A  tmd  anti-PlB  MAbs  tire  able  to  activate  the 
classical  complement  cascade,  resulting  in  cell  killing  (27. 
.78.  77).  The  juxtaposition  of  the  exposed  PIA  epitopes  and 
other  OM  components  seems  to  be  critical  in  determining 
whether  a  particular  MAb  will  be  bactericidal,  since  MAbs 
that  activate  equivalent  amounts  of  complement  and  that 
bind  equivalently  to  cells  showed  marked  differences  in  their 
ability  to  kill  N.  t’onoirltoctu-  (78).  A  similar  situtition 
appears  to  occur  with  iinti-PlB  MAbs  (77).  The  difference  in 
killing  is  related  to  the  manner  in  which  the  activated 
complement  is  deposited  on  the  bacterial  surface  (77.  78). 
Anti-PIA  and  anti-PlB  MAbs  have  also  been  shown  to  be 
opsonic  and  are  able  to  inhibit  the  invasion  of  N.  f^oiwr- 
rhoeoc  into  epithelial  cells  (27). 

The  ability  of  anti-Pl  tintibodv'  to  kill  N.  aoitorrhoeae. 
combined  with  the  relative  abundance  of  Pis.  their  universal 
expression,  the  apparent  structural  similarity  between  Pis 
within  each  subclass,  their  antigenic  stability  within  a  strain, 
and  the  presence  of  anti-Pl  iintibody  in  the  mucus  and 
serum,  even  following  uncomplicated  mucosal  infection,  has 
encouraged  the  use  of  PI  as  a  potential  vaccine.  Purified  PIB 
has  been  used,  unsuccessfully,  in  vaccine  trials  (Sexually 
Transmitted  Diseases  1986  National  Institute  of  Allergy  and 
Infectious  Diseases  Study  Group  Summary  and  Recommen¬ 
dations;  K.  K.  Holmes.  General  Chairman;  November 
1987)  In  another  s'udy.  recipients  did  show  specific  re¬ 
sponses  when  injected  with  a  PI  preparation  (F.  Arminjon. 
M.  Cadoz.  S,  A.  Morse.  J.  P.  Rock,  and  S.  K.  Sarafian, 
Absir.  Annu,  Meet,  Am.  Soc.  Microbiol.  1987.  E92,  p.  118). 
Attempts  to  improve  the  immunogenicity  of  PI  have  been 
made,  especially  by  using  liposomes  as  delivery  vehicles 
(74).  Such  studies  indicate  that  both  Pl-detergent  complexes 
and  Pl-liposomes  induce  anti-Pl  antibodies  but  that  Pl- 
liposomes  elicit  the  larger  primary  response  (74). 

The  immunodominant  portion  of  the  PI  molecule  appears 
to  be  the  most  exposed  region  (17.  40,  42.  46.  7,7).  Since  this 
region  is  also  the  variable  part  of  the  PI  molecule,  several 
groups  are  attempting  to  identify  conserved  epitopes  which 
are  available  to  bind  anti-Pl  antibody.  One  approach  is  to  use 
MAbs  to  locate  such  regions  (77).  Another  approach  is  to  use 
cloned  PI  genes  to  synthesize  peptides  of  PI  (17,  14.  27). 
whereas  others  are  using  peptides  generated  by  cleaving 
purified  Pis  and  recovering  surface-exposed  fragments  for 
immunogenicity  and  antigenicity  studies  (41,  47,  76), 

GENETICS 

The  majority  of  informtition  about  the  genetics  of  PI  has 
come  from  tninsformtition  studies  (12).  As  yel.  no  mutant 
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FIG.  4,  Linked  chromosomal  genes  for  antibiotic  resistance  trif. 
rifampin;  str.  streptomycin;  fus.  fusidic  acid;  tet,  tetracycline;  chi. 
chloramphenicol;  spc.  spectinomycin;  ery.  erythromycin;  penB. 
nonspecific  resistance  to  penicillin,  tetracycline,  and  chloramphen¬ 
icol).  resistance  to  serum  killing  by  normal  human  serum  (sac-1  and 
sac-,1),  and  PI  structure  (nmp-1  and  nmp-2).  All  loci  were  mapped  by 
three-factor  transformation  crosses.  Parentheses  indicate  uncertain¬ 
ties  regarding  the  positions  of  closely  linked  markers.  Reproduced 
from  Aimiiiil  Review  of  Mierohiiilofiy  (12)  with  permission  of  the 
publisher. 


strains  lacking  PI  have  been  found,  nor  have  strains  been 
developed  which  have  mutations  in  a  PI  gene  (1.1,  14.  23). 
The  availability  of  PI  gene  sequences  for  both  PI  subclasses 
(13,  14.  23)  may  prove  invaluable  in  the  generation  of  PI 
mutants,  providing  much-needed  information  about  the 
structure  and  function  of  PI  genes  and  the  PI  molecule. 
Transformation,  by  using  both  PIA-  and  PIB-specific  MAbs 
(17),  and  by  using  a  selectable  marker  linked  to  PI  genes  (13). 
has  already  provided  several  strains  of  N.  ^onorrlioeac 
expressing  PIA-PIB  hybrids,  making  functional  and  immu¬ 
nological  studies  possible. 

Transformation  studies  have  identified  genetic  loci,  desig¬ 
nated  nmp  (new  membrane  protein),  that  affect  the  apparent 
molecular  mass  of  PI  (10).  Introduction  of  a  particular  nmp 
results  in  the  expression  of  a  unique  PI  (e.g.,  nmp-l  results 
in  the  expression  of  a  PIB-1.  nmp-3  results  in  a  PIB-9.  ninp-4 
results  in  a  PIA-1,  etc.)  (17).  The  nmp  loci  are  very  clo.sely 
linked  to  loci  that  influence  serum  resistance  {sac  [serum 
antibody  complement])  (11)  and  to  the  penB  locus  (which  is 
probably  identical  to  the  nsr  locus  [nonspecific  resistance] 
described  by  Bygdeman  et  al.  [7]),  which  produces  low- 
level.  nonspecific  resistance  to  penicillin,  chloramphenicol, 
and  tetracycline.  The  nmp  region  is  less  closely  linked  to 
genes  determining  resistance  to  streptomycin  (str)  and  spec¬ 
tinomycin  (spc)  and  several  other  antibiotics  (Fig.  4)  (12).  It 
now  appears  certain  that  nmp  are  structural  genes  for  PI 
(13).  Hybridization  studies  with  PIB  gene  probes  suggest 
that  the  structural  PI  gene  exists  in  a  single  copy  in  the 
genome  (23).  This  observation  was  confirmed  by  Carbonetti 
et  al.  (13).  who  demonstrated  that  the  PIA  and  PIB  genes  are 
alleles  of  the  same  gene. 

Transformation  usually  results  in  the  expression  of  the 
donor  PI  which  has  the  nmp  locus  linked  to  the  penB  locus 
(12).  although  occasionally  the  recipient  PI  is  expressed  (17). 
This  verifies  that  the  penB  locus  can  be  separated  from  nmp. 
In  a  study  by  Danielsson  et  al.  (17),  hybrid  PIBs.  which 
acquired  unique  serovars,  were  produced  in  about  69f  of  the 
transformants,  in  which  the  donor  expressed  PIB-1  and  the 
recipient  expressed  a  PIB-7.  suggesting  that  recombination 
had  occurred.  A  similar  result  was  reported  for  PIA  (1.“'). 
when  a  transformant  generated  from  a  PIA  donor  and  a  PIB 
recipient  expressed  a  PIA  that  had  lost  several  of  the 
parental  PIA  epitopes.  Moreover,  when  PIB  donor  DNA 
was  transformed  into  a  PIA  recipient,  a  single  transformant 


expressed  a  hybrid  PI  which  had  epitopes  of  both  the  PIB 
and  PIA  molecules  (17). 

Such  observations  indicate  that  new  PI  molecules,  ex¬ 
pressing  unique  surface  epitopes,  can  be  generated  by  ge¬ 
netic  exchange  between  different  strains  of  N.  ftonorrhoeae. 
The  occurrence  of  PIA-PIB  hybrids  is  extremely  rare  in 
nature  (46),  but  the  diversity  of  PI  serovars  suggests  that 
some  form  of  natural  recombination  of  PI  genes  does  occur. 
A  possible  mechanism  for  in  vivo  genetic  exchange  comes 
from  recent  observations  by  Dorward  and  Judd  (18)  which 
demonstrated  that  naturally  elaborated  OM  blebs  of  N. 
ftonorrhoeae  contain  DNA.  Further,  it  has  been  shown  that 
blebs  from  strains  of  N .  yonarrhaeae  which  possess  the  gene 
for  penicillinase  can  transfer  penicillin  resistance  to  recipi¬ 
ent,  penicillin-susceptible  strains  with  great  efficiency  in  the 
presence  of  high  levels  of  exogenous  deoxyribonuclease 
(D.  W.  Dorward.  C.  F.  Garon.  and  R.  C.  Judd,  submitted  for 
publication).  Therefore,  in  vivo  genetic  exchange  between 
coinfecting  strains  of  gonococci  might  occur  through  bleb- 
mediated  transfer  of  DNA.  PI  may  form  channels  between 
the  blebs  (which  have  been  shown  to  possess  an  abundance 
of  PI  molecules)  and  the  recipient  cells  in  a  manner  analo¬ 
gous  to  the  inverted  insertion  of  PI  into  eucaryotic  cells  (3. 
49).  allowing  the  DNA  to  pass  from  the  bleb  to  the  cell. 

The  close  proximity  of  the  sac-l  and  sac-J  loci  to  the  nmp 
loci  may,  in  an  unknown  manner,  contribute  to  the  relation¬ 
ship  of  serum  resistance  and  the  PIA  subclass.  The  mecha¬ 
nism  by  which  the  sac-l  locus  influences  serum  resistance  is 
unknown,  but  the  sac-3  locus  apparently  effects  LOS  struc¬ 
ture  (71).  Both  sac  loci  influence  serum  resistance  indepen¬ 
dently  of  the  nmp  loci,  since  the  three  loci  are  separable,  and 
serum-resistant  PlB-bearing  organisms  and  serum-sensitive 
PIA-bearing  organisms  have  been  generated  by  transforma¬ 
tion  (12.  69).  Recent  reports  of  a  29-kDa  molecule  that 
correlates  with  serum  resistance  and  disseminated  disease 
(53)  may  help  elucidate  the  mechanism(s)  of  serum  resis¬ 
tance  and  its  relationship  lo  PI  expresston. 

The  availability  of  the  amino  acid  sequences  for  one  PIA 
(14)  and  two  PIBs  (13.  23)  offers  the  opportunity  to  greatly 
increase  our  knowledge  of  the  gonococcal  PI.  Although  the 
PI  genes  have  not  been  cloned  and  expressed  in  a  stable  cell 
line  (the  PIB  sequences  were  elucidated  from  clones  ex¬ 
pressing  overlapping,  truncated  Pis,  as  was  the  PIA  se¬ 
quence.  although  an  intact  PIA  was  expressed  in  a  short¬ 
lived  clone),  it  may  now  be  possible  to  generate  mutations  in 
PI  that  will  greatly  improve  our  understanding  of  the  struc¬ 
ture.  function,  and  genetics  of  PI  and  hence  the  role  PI  in  the 
physiology,  pathology,  and  immunobiology  of  (V.  gonar- 
rhoeae. 
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Gonorrhea  is  a  se.xually  transmitted  disease:  it  is  the  most 
frequently  reported  infectious  disease  in  the  United  States 
(12).  Humans  are  the  natural  host  of  the  etiological  agent. 
.Xeisseria  ^onorrhoeae .  which  usually  causes  uncomplicated 
infections  of  mucous  membranes  of  the  urethra,  cervix, 
rectum,  or  pharynx  (24).  Under  certain  conditions,  the 
organism  may  disseminate  and  cause  complicated  infections 
such  as  pelvic  inflammatory  disease  or  disseminated  gono¬ 
coccal  infection  (DGl)  (24).  Although  the  incidence  of  re¬ 
ported  gonococcal  infections  in  the  United  States  has  de¬ 
creased  over  the  past  10  years  to  approximately  313  cases 
per  100.000  population,  the  incidence  of  infections  caused  by 
antimicrobial  resistant  strains  has  increased  (1.1). 

With  the  recent  development  of  typing  techniques,  it  has 
been  possible  to  characterize  strains  of  N.  ftoiatrriioeae 
phenotypically.  determine  epidemiological  correlates  of 
their  pathogenicity  and  antimicrobial  susceptibilities,  and 
devise  and  evaluate  strategies  to  control  outbreaks  of  gon¬ 
orrhea  caused  by  specific  strains.  Previously,  we  have 
reviewed  the  applications  of  phenotypic  characterization  of 
N.  itonorrhoeae  strains  to  studies  of  reinfection  versus 
treatment  failure,  coinfection,  and  forensic  investigations; 
These  will  not  be  covered  below  (34).  This  review  will 
discuss  the  methods  used  to  characterize  gonococcal  isolates 
and  their  application  to  describe  strain  populations  and 
determine  epidemiological  correlates  of  gonocoecal  infec¬ 
tions.  The  bibliography  for  this  review  is  extensive  but 
selective  and  provides  key  references  that  will  guide  the 
reader  to  additional  readings  in  this  subject. 

HI.STORICAL  PERSPECTIVES  ON  THE  PHENOTYPIC 
CHARACTERIZATION  OF  A.  GONORRHOEAE 
ISOLATES 

.Antimicrobial  Susceptibility  Patterns 

Antimicrobial  susceptibility  patterns  (antibiograms)  were 
used  to  characterize  gonococcal  isolates  before  the  develop¬ 
ment  of  other  typing  techniques  (72).  The  value  of  antibio¬ 
grams  alone  was  limited,  however,  because  they  did  not 
permit  differentiation  between  resistant  strains  that  were 
recently  introduced  and  resistant  variants  of  strains  that 
were  already  in  a  community.  Nevertheless,  in  conjunction 
with  other  typing  methods,  antibiograms  are  essential  for  the 
description  of  the  diversity  of  antimicrobial-resistant  strains 
in  communities. 

.Auxotyping 

.Auxotyping  is  the  characterization  of  gonococcal  strains 
according  to  their  nutritional  requirements.  I'he  method  was 
first  developed  by  Gatlin  (9).  .Subsequently,  other  auxotyp¬ 
ing  systems  have  been  developed  which  differ  with  respect 
ti)  medium  composition  and  the  requirements  determined 
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(22.  23,  61).  A  large  number  of  gonococcal  auxotypes  have 
been  described  (9.  22,  23.  61),  and  their  geographical  distri¬ 
bution  has  been  studied  extensively  (9.  22.  33.  36,  47.  67). 

Gonococcal  isolates  that  have  no  requirements  and  are 
designated  Zero,  prototrophic  (Proto),  or  wild  type  and 
those  that  require  proline  (Pro)  are  prevalent  worldwide. 
Arginine-requiring  (Arg)  isolates  are  widely  distributed  geo¬ 
graphically  but  are  less  numerous;  they  are  rarely  isolated  in 
the  Far  East  (31,  34).  Isolates  with  multiple  requirements 
have  been  isolated.  These  include,  most  notably,  the  argi¬ 
nine-.  hypoxanthine-.  plus  uracil-requiring  (AHU)  and  the 
proline-,  citrullinc-  (arginine-),  plus  uracil-requiring  (PCU  or 
PAU)  isolates. 

The  AHU  isolates,  which  were  isolated  infrequently  prior 
to  the  19.'v()s  (10.  33).  were  found  most  frequently  in  the 
mid-197()s.  when  they  accounted  for  as  many  as  50*^  of 
isolates  in  cities  in  the  United  States  and  Denmark  (32.  33. 
71).  AHU  isola(es  were  also  frequently  found  in  areas 
geographically  adjacent  to  the  cities  in  which  they  were 
prevalent  (36.  40).  It  has  been  specula' cd  that  the  increase  in 
AHU  isolates  may  have  been  associated  with  several  fac¬ 
tors:  they  may  cause  asymptomatic  infections,  resulting  in 
the  transmission  of  infections  to  many  partners:  they  grow  as 
atypically  small  colonies;  and  they  may  not  have  been 
isolated  from  infected  patients  on  isolation  media  containing 
4  M-g  of  vancomycin  per  ml  (1.*'.  42.  43). 

PAU  isolates  accounted  for  approximately  40'T  of  isolates 
in  Ontario.  Canada,  in  1977  to  1978  (23).  Similar  to  the  AHU 
isolates.  PAU  isolates  have  been  spread  to  a  limited  number 
of  geographical  areas;  they  now  occur  frequently  in  other 
cities  in  Canada,  the  United  States.  Europe,  and  Japan  (2, 
29.  32.  36.  4,'').  For  example.  PAU  isolates  accounted  for 
approximately  of  all  isolates  in  Seattle  and  Denver  in 
1984  (2-‘').  Isolates  belonging  to  this  auxotype  are  unusual 
because  they  do  not  possess  any  plasmids,  including  the 
2.6-megadalton  (MDa)  cryptic  plasmid  found  in  most  gono¬ 
coccal  isolates  (18). 

Strains  belonging  to  certain  auxotypes  were  found  to  be 
associated  with  specific  disease  syndromes  and  antimicro¬ 
bial  resistance.  AHU  isolates  were  frequently  isolated  from 
DGl  patients  in  many  cities  in  the  1970s  (19,  31.  43.  63.  6.*'). 
•AHU  isolates  are  serum  resistant  (.‘'9)  and  highly  susceptible 
to  penicillin  (31).  In  the  eastern  United  States.  DGl  isolates 
were  frequently  Proto  or  Pro  (19.  63).  However,  in  contrast 
to  most  Proto  or  Pro  strains.  DGl  isolates  belonging  to  these 
auxotypes  were  also  highly  susceptible  to  penicillin  and  were 
serum  resistant  (19.  31).  These  observations  resulted  in  the 
speculation  that  non-AHU  DGl  isolates  might  he  related  to 
the  AHU  isolates  and  raised  the  question  of  whether  another 
phenotypic  typing  system,  which  could  be  used  to  charac¬ 
terize  large  numbers  of  strains  rapidly,  might  demonstrate  a 
phenotypic  relatedness  among  DGl  isolates  from  different 
geographical  areas.  PAU  isolates  have  also  been  associated 
with  disseminated  and  asymptomatic  gonococcal  infections 
in  Winnipeg,  Manitoba.  Canada,  In  contrast  to  the  AHU 
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FIG.  1.  FliNtorical  review  of  the  development  of  serological 
classification  systems  for  N.  gonorrhoeae  based  on  the  antigenic 
specificity  of  the  gonococcal  PI  molecules. 


isolates.  PAU  isolates  are  less  susceptible  to  antimicrobial 
agents  (23). 

Plasmid  Profiles 

The  plasmids  of  A/,  gonorrliocdc  have  been  described 
according  to  their  mobilities  in  agarose  gels.  Most  gonococ¬ 
cal  strains  possess  a  2.6-MDa  cryptic  plasmid  (41).  Five 
species  of  fi-lactamase  plasmids,  the  4.4-MDa  (Asia),  3.2- 
MDa  (Africa).  2.9-MDa  (Rio).  3.()5-MDa  (Toronto),  and 
4.0-MDa  (Nimes)  plasmids,  have  been  identified  in  penicil¬ 
linase-producing  N.  gonorrhoeae  (PPNG)  strains  (21.  .31.  66. 
70).  Two  conjugative  plasmids,  a  24..“!-  and  a  2.3.2-MDa 
rr'/T/-containing  plasmid  possessed  by  strains  of  /V.  gonor- 
rlioeae  with  high-level  resistance  to  tetracycline  (TRNG 
s  rains),  have  also  been  described  (44.  ,80),  Plasmid  profiles, 
in  conjunction  with  auxotyping  and  more  recently  with 
serological  classification,  have  permitted  the  cha’-acteriza- 
tion  of  isolates  from  different  geographical  areas  and  the 
documentation  of  temporal  changes  in  their  distribution  and 
prevalence  (27.  67). 

Serological  Classification  of  Gonococcal  Strains 

Clas.siiication  with  polyvalent  antibodies.  Serological  typing 
methods  for  N.  gonorrhoeae  have  been  developed  and 
refined  during  the  last  decade.  Wang  et  al.  (6S)  developed  a 
microimmunofli’orescence  test  with  polyvalent  antibodies 
against  formalinized  whole  gonococcal  cells  that  divided 
gonococcal  strains  into  three  groups,  designated  A.  B,  and  C 
(Fig,  1).  Subsequently,  a  coagglutination  test  permitted 
Sandstrom  and  Danielsson  to  divide  gonococci  into  three 
serologically  distinct  groups,  designated  Wl.  WII,  and  Will, 
that  corresponded  to  the  Wang  serogroups  A,  B.  and  C. 
respectively  (56).  In  1981,  Buchanan  and  Hildebrandt  devel¬ 
oped  an  enzyme-linked  immunosorbent  assay  with  partially 
purified  gonococcal  protein  I  (PI)  and  divided  gonococcal 
.trains  into  nine  principal  outer  membrane  protein  serotypes 
(3).  Serotypes  1  to  3  corresponded  to  serogroup  WI.  and 
serotypes  4  to  8  and  9  usually  corresponded  to  serogroups 
Wll  and  Will,  respectively  (Fig.  1)  (.83).  Antibodies  in  both 
the  W  serogrouping  and  POMP  serotyping  systems  reacted 
with  antigens  on  the  gonococcal  PI  molecule  (.87).  Cross¬ 
reactions  between  Wl  strains  and  Wll/IIl-specific  sero¬ 
grouping  reagents,  and  vice  versa,  were  not  observed.  With 
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FIG.  2.  Graphic  represenlation  of  patterns  of  common  peptides 
in  strains  of  N.  gonorrhoeae  that  possess  either  P.IA  or  P.IB 
molecules.  PI  molecules  were  radiolabeled  with  '-'1  and  digested 
with  trypsin;  the  peptides  were  separated  by  electrophoresis  (E)  and 
chromatography  (DC). 

two-dimensional  peptide  mapping  of  trypic  digests  of  PI 
molecules,  Sandstrom  et  al.  showed  that,  with  respect  to  the 
patterns  of  common  peptides,  gonococcal  strains  produced 
two  types  of  PI  molecules  (.85).  Gonococcal  strains  belonging 
to  serogroups  Wll  and  Will  pos.sessed  similar  PI  molecules, 
designated  P.IB.  whereas  strains  belonging  to  serogroup  WI 
possessed  distinctly  different  PI  molecules,  designated  P.IA 
(Fig.  2). 

The  proportion  of  isolates  belonging  to  the  different  W 
serogroups  varied  among  geographical  areas  worldwide  (7. 
16).  For  example,  isolates  belonging  to  serogroup  Wll  were 
generally  isolated  significantly  more  frequently  from  pa¬ 
tients.  including  homosexual  men.  than  were  serogroup  Wl 
or  Will  isolates  (4).  Both  PPNG  and  non-PPNG  isolates 
belonging  to  serogroups  Wll  and  III  were  also  generally 
more  resistant  to  antibiotics  than  were  isolates  belonging  to 
serogroup  WI  (4.  5),  Although  AHU  isolates  belonged  to 
serogroup  A  (WI.  serotypes  1  to  3).  non-AHU  isolates, 
including  those  from  patients  with  DGI.  also  belonged  to 
serogroup  Wl  and  could  not  be  distinguished  from  the  AHU 
isolates  serologically  (34.  57.  58.  68).  The  development  of 
monoclonal  antibody  typing  systems  permitted  differentia¬ 
tion  among  these  isolates. 

Serological  classification  with  monoclonal  antibodies.  Tam 
et  al.  (62)  developed  monoclonal  antibodies  against  gonococ¬ 
cal  outer  membrane  proteins.  Antibodies  specific  for 
epitopes  on  P.IA  or  P.IB  molecules  were  selected  by  screen¬ 
ing  against  W-serogrouping  reference  strains  in  coagglutina¬ 
tion  tests  and  confirmed  by  radioimmune  precipitation  as¬ 
says  (62). 

A  standard  panel  of  six  P.IA-specific  and  six  P. IB-specific 
monoclonal  antibody  reagents  was  selected  (35).  Strains 
characterized  serologically  by  their  reaction  patterns  with 
these  reagents  were  designated  as  serovars  (35).  The  nomen¬ 
clature  for  (his  typing  system  was  constructed  by  using  the 
prefixes  lA  or  IB.  indicating  which  PI  molecule  was  pos¬ 
sessed  by  the  strain,  followed  by  a  number  indicating  the 
pattern  of  reactions  of  the  strain  with  the  lA-  or  IB-specific 
panel  of  monoclonal  antibody  reagents.  For  example,  a 
strain  belonging  to  serovar  IB-1  is  one  that  reacts  with  the 
P. IB-specific  reagents  3C8.  1F5,  2D6.  and  2H1  but  not  with 
other  P.  IB-specific  reagents.  In  a  study  of  strains  from  a 
worldwide  collection,  all  strains  reacted  with  at  least  one  of 
these  reagents  (35).  To  date,  a  total  of  24  P.IA  serovars. 
designated  IA-1  to  IA-24.  and  32  P.IB  serovars,  designated 
lB-1  to  IB-32,  have  been  described  (Fig.  3).  This  serological 
classification  system  requires  the  use  of  the  same  standard 
panel  of  reagents  for  all  studies,  a  limitation  considered  vital 
to  permit  the  global  geographical  and  temporal  comparisons 
of  gonococcal  strain  populations  that  are  essential  to  moni- 
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toring  ihc  spread  ttf  resistant  strains.  Although  the  nomen¬ 
clature  for  this  typing  system  is  inflexihlc.  prevalent  serovars 
can  be  subtyped  with  additional  reagents,  and  a  specific 
nomenclature  could  be  devised  within  the  standard  nomen¬ 
clature. 

Swedish  investigators  also  devised  a  serotyping  system 
with  the  previously  developed  monoclonal  antibodies,  which 
they  designated  GS  antibodies  (6.  17).  The  serovar  nomen- 
clitture  for  this  typing  system  uses  a  combination  of  upper- 
and  lowercase  letters  1.30)  IFig.  .3).  The  PI  e.xpressed  by  an 
isolate  is  designated  A  or  B.  and  individual  monoclonal 
antibody  reagents  in  the  P.IA-  and  P.IB-specific  reagent 
panels  were  assigned  lowercase  letters.  Thus,  the  serovar  of 
a  gonococcal  strain  that  reacts  with  the  lA-specific  mono¬ 
clonal  antibody  reagents  e.  d.  i.  and  h.  is  Aedih  1.30). 

Recently.  .Swedish  investigators  developed  a  new  set  of 
Pl-specific  monoclonal  antibodies  l?4)  designated  Ph  anti¬ 
bodies.  Antibodies  were  selected  to  give  patterns  of  reac¬ 
tions  that  corresponded  to  those  obtained  with  the  GS 
antibodies.  Similar  to  the  nomenclature  for  the  GS  scrotyp- 
ing  system,  the  nomenclature  for  the  Ph  serotyping  system 
also  used  the  prefixes  A  and  B;  a  different  set  of  lowercase 
letters  was  used  to  designate  individual  reagents  (.54).  fhesc 


investigators  used  different  panels  of  reagents  to  provide 
greater  resolution  within  a  few  serovars  that  were  predomi¬ 
nant  in  some  populations  of  patients  (6.  8.  17).  Unfortu¬ 
nately.  the  results  obtained  with  different  panels  of  reagents 
cannot  be  compared:  unless  standard  panels  of  antibody 
reagents  are  used,  it  is  not  possible  to  make  geographical  and 
temporal  comparisons  of  gonococcal  strain  populations. 

Serological  classification  of  gonococcal  strains  by  serotypes. 
Monoclonal  antibody  reagents  have  been  used  to  serotype 
gonococci;  they  recognize  epitopes  of  the  serotypes  1,  .5,  7, 
8.  and  9  (38).  Serotype  9  has  been  divided  into  two  subtypes. 
9a  and  9b  (38).  A  particular  serotype  is  referred  to  by  its 
pattern  of  reaction  with  the  monoclonal  antibody  reagents 
(38).  Although  the  serovar  typing  systems  provide  a  high 
degree  of  resolution,  which  permits  detailed  studies  of 
gonococcal  strain  populations,  the  serotyping  system,  by 
providing  less  differentiation,  may  permit  a  more  practical 
grouping  of  antigenically  related  serovars  for  analyzing 
antimicrobial  resistance  patterns  that  do  not  require  the 
differentiation  provided  by  the  serovar  typing  systems. 

Dual  Classification  of  iV.  gonorrhoeae  Strains 

A/S  classification  of  N.  gonorrhoeae.  Both  auxotyping  and 
serological  classification  lack  the  discriminatory  power  to 
differentiate  among  many  gonococcal  isolates.  To  overcome 
the  limitations  of  either  of  those  methods,  an  auxotype- 
scrovar  (A/S)  classification  system  has  been  proposed  (3.5). 
This  dual  classification  system,  based  on  two  independent 
phenotypic  characteristics  that  are  stable  in  vitro,  provides  a 
greater  resolution  among  gonococcal  isolates  than  does  a 
system  based  on  one  phenotypic  characteristic.  For  exam¬ 
ple.  an  isolate  that  requires  proline  and  belongs  to  serovar 
IB-4  is  assigned  to  the  A/S  class  Pro/1  B-4.  The  A/S  classifi¬ 
cation  of  /V.  gonorrhoeae  has  been  used  alone  (2.  32.  39.  71. 
74)  or  in  conjunction  with  plasmid  profiles  (37.  71)  and 
antimicrobial  susceptibilities  to  perform  detailed  analyses  of 
gonococcal  strain  populations  (2.5). 

The  A/S  classification  provides  a  discriminatory  classifi¬ 
cation  system  for  gonococcal  isolates.  It  must  be  remem¬ 
bered.  however,  that  this  system  has  several  limitations.  For 
exar.iple.  the  proline  and  arginine  requirements  of  gonococ¬ 
cal  isolates  may  be  due  to  one  of  several  mutations  that 
affect  the  synthesis  of  these  amino  acids  (11.  14).  Thus 
strains  belonging  to  either  the  Pro  or  Arg  auxotypes  may  be 
different;  the  arginine  requirement  of  isolates  has  been 
further  defined  by  the  auxotyping  methods  that  test  strains 
for  their  ability  to  grow  on  ornithine  or  citrulline  in  the 
absence  of  arginine.  Similarly,  strains  belonging  to  the 
prevalent  serovars  such  as  lB-1  or  IB-3  may  not  be  similar, 
as  suggested  by  the  comparison  of  their  antimicrobial  sus¬ 
ceptibility  patterns  (34). 

Dual  serological  cla.s.sification  of  N.  gonorrhoeae.  A  dual 
serological  classification  system  has  recently  been  proposed 
(.53)  in  which  gonococcal  isolates  are  classified  according  to 
their  reaction  patterns  with  panels  of  both  GS  and  Ph 
antibodies.  A  strain  that  reacts  with  the  P.IA-specihc  GS 
antibodies  e.  d.  i.  and  h  will  react  with  the  Ph  antibodies  r.  s. 
and  t  and  be  assigned  to  the  serovar  Aedih/Arst  (.5,3). 

KPIDEMIOLOGICAL  APPLICATIONS  OF  PHENOTYPIC 
CLA.SSIFICATION  SYSTEMS  FOR  V.  GONORRHOEAE 

The  classification  of  N .  gonorrhoeae  isolates  by  auxotv  pe. 
serovar.  plasmid  profiles,  and  antimicrobial  susceptibilities 
has  permitted  more  detailed  analyses  of  gonococcal  strain 
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populations  than  was  possible  by  using  either  auxotype  or 
serovar  alone. 

Diversity,  Regional  Differences,  and  Temporal  Changes  in 
Gonococcal  Strain  Populations 

The  A/S  classification  has  been  used  to  study  the  differ¬ 
ences  among  gonococcal  strain  populations  in  many  geo¬ 
graphical  areas.  A  total  of  107  different  A/S  classes  were 
initially  identified  among  more  than  1,400  gonococcal  strains 
from  North,  Central,  and  South  America,  as  well  as  from 
Europe,  Australasia,  and  Africa  (35):  additional  classes  have 
also  been  recognized  by  various  investigators  (25,  32,  39). 

The  .AHU  isolates  from  different  geographical  areas  be¬ 
longed  to  the  A/S  class  AHU/lA-1,2  (35);  studies  have 
suggested  that  their  distribution  has  resulted  from  the  spread 
of  a  single  clone  (10).  The  prevalence  of  the  AHU/IA  isolates 
has  decreased  since  the  mid-1970s,  and  in  1985  they  ac¬ 
counted  for  approximately  15  and  5%  of  isolates  in  Seattle 
and  Denver,  respectively  (25,  32);  a  similar  decrease  was 
observed  in  Heidelberg,  Federal  Republic  of  Germany, 
between  1981  and  1986  (40). 

PAD  strains,  which  previously  were  geographically  lim¬ 
ited,  have  become  widespread  in  the  last  10  years  (34). 
Serological  classification  of  PAD  strains  showed  that  they 
belonged  to  closely  related  serovars.  IB-1,  IB-2,  IB-10,  and 
IB- 16,  suggesting  that  although  they  may  have  originated 
from  a  single  clone,  they  appear  to  have  undergone  some 
degree  of  antigenic  drift,  in  contrast  to  the  AHU  isolates  (2, 
32.  71).  It  should  be  noted,  however,  that  antigenic  drift 
might  also  be  demonstrable  among  the  AHU  strains  with  the 
use  of  additional  monoclonal  antibodies. 

fhe  A/S  classification  system  permitted  the  differentiation 
of  Proto  and  Pro  isolates  into  many  A/S  classes;  some  of 
these  classes  have  become  widely  distributed  in  different 
geographical  areas,  whereas  others  are  limited  in  that  re¬ 
spect  (2.  32.  39.  47).  For  example,  strains  belonging  to  the  lA 
serovars  IA-5  or  lA-9  have  been  isolated  primarily  in  Africa 
(34).  whereas  strains  belonging  to  the  IB  serovars  IB-5  or 
IB-7  have  been  isolated  in  the  Far  East  (34). 

Gonococcal  Strain  Populations  in  Communities 

Gonococcal  strain  populations  in  communities  may  also 
be  composed  of  many  A/S  classes;  strains  belonging  to  as 
many  as  50  to  60  different  A/S  classes  have  been  isolated  in 
individual  communities  (6,  25.  32).  Usually,  six  to  eight  A/S 
classes  persisted  in  30  to  409f  of  the  patients,  whereas 
isolates  belonging  to  most  A/S  classes  were  transient,  occur¬ 
ring  in  few  patients.  Some  A/S  classes  were  specifically 
associated  with  isolates  from  heterosexual  patients,  and 
others  were  associated  with  isolates  from  homosexual  men. 
suggesting  that  different  strains  may  be  spread  within  sub¬ 
groups  of  the  total  population  at  risk  for  contracting  gonor¬ 
rhea  (32).  Temporal  changes  in  strain  populations  in  com¬ 
munities  have  also  been  demonstrated.  .Some  A/S  classes 
previously  associated  with  heterosexual  patients  were  iso¬ 
lated  from  homosexual  men  and  vice  versa,  suggesting  a 
spread  between  these  patient  subpopulations  as  a  result  of 
spreading  of  strains  by  bisexual  men  (49).  The  dynamic 
nature  of  gonococcal  strain  populations  appears  to  be  a 
general  phenomenon  and  is  not  limited  to  specific  geograph¬ 
ical  areas  (25.  32,  46).  The  factors  that  influence  the  estab¬ 
lishment  of  strains  in  a  community  are  not  clearly  under¬ 
stood. 

Several  readily  identifiable  selective  factors  may  enhance 
the  ability  of  strains  to  persist  in  a  community.  These  include 
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FIG.  4.  Graphic  representation  of  N.  gonorrhoeae  strains  in  a 
community,  (a)  The  strain  population  is  composed  of  one  persistent 
strain  (large  shaded  area),  extending  over  the  entire  period,  and  a 
number  of  transient  strains  (small  shaded  areas),  (b)  It  is  possible 
that  strains  that  appear  to  be  persistent  actually  occur  as  a  series  of 
epidemiologically  unrelated  outbreaks  caused  by  the  same  strain. 

resistance  to  antimicrobial  agents  used  therapeutically:  hy- 
persusceptibility  to  vancomycin,  resulting  in  the  failure  to 
isolate  the  organism;  and  the  ability  to  cause  asymptomatic 
infections,  resulting  in  the  failure  of  a  patient  to  recognize 
and  seek  treatment  for  an  infection.  Persons  with  asympto¬ 
matic  infections  may  play  an  important  role  in  spreading 
infections  in  a  community. 

It  is  equally  likely,  however,  that  behavioral  factors  also 
play  an  important  role  in  the  introduction  and  spread  of 
strains  in  a  community,  because  strains  that  do  not  exhibit 
the  selective  factors  listed  above  have  also  become  predom¬ 
inant  in  communities.  The  frequency  at  which  strains  are 
introduced  into  communities  may  affect  their  prevalence  and 
persistence.  Strains  may  be  introduced  more  frequently  from 
geographically  adjacent  communities  than  from  distant  com¬ 
munities.  Consequently,  such  strains  may  appear  to  be 
persistent  in  terms  of  their  total  numbers  and  frequency  of 
isolation,  whereas  they  may  in  fact  be  persistent  as  a  result 
of  the  occurrence  of  concurrent  and  sequential  microepi¬ 
demics  which  are  epidemiologically  separate  events  (Fig.  4). 

Strains  in  a  community  will  be  most  frequently  spread  by 
persons  with  multiple  sexual  partners,  i.e.,  high-frequency 
transmitters.  These  may  include  not  only  prostitutes  and 
some  homosexual  men  who  have  many  sexual  partners,  but 
also  any  other  person  with  multiple  partners.  High-fre¬ 
quency  transmitters  belonging  to  the  former  group  may  be 
readily  associated  with  certain  geographical  locations  in 
communities  (such  as  certain  bars)  that  can  be  targeted  for 
intensive  gonorrhea  control  programs,  whereas  persons  be¬ 
longing  to  the  latter  group  may  reside  in  geographically 
diverse  areas  within  a  community  and  may  not  be  readily 
identifiable . 

Antimicrobial  Resistance  in  N.  gonorrhoeae 

Antimicrobial  resistance  in  N.  gonorrhoeae  may  be  chro¬ 
mosomal  (20)  or  plasmid  mediated  (73).  Correlations  be¬ 
tween  antimicrobial  resistance  and  A/S  classes  have  been 
found.  Gonococcal  strains  that  are  resistant  to  penicillin, 
tetracycline,  and  the  cephalosporins  have  been  isolated  (20. 
25).  A  strain  belonging  to  the  A/S  class  Pro/lB-1  and  resis¬ 
tant  to  penicillin,  tetracycline,  erythromycin,  and  cefoxitin 
was  isolated  during  an  epidemic  of  gonorrhea  in  North 
Carolina  in  1984  (20).  Subsequent  surveillance  studies,  how- 
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ever,  showed  that  strains  belonging  to  several  A/S  classes 
exhibited  chromosomal  resistance  to  antimicrobial  agents 
(25.  48). 

Spectinomycin-resistant  N.  ^oiionlitu-oe  strains  were  first 
isolated  in  Korea  (1).  Since  that  time  they  have  also  been 
isolated  in  England  and  in  the  United  States,  where,  occa¬ 
sionally.  they  have  also  possessed  [3-lactamase  plasmids  (26, 
74).  Most  strains  isolated  in  the  United  States  in  1985  to  1986 
belonged  to  the  A/S  class  Pro/lB-1  (74),  were  chromosomally 
resistant  to  several  antibiotics,  and  possessed  the  24.5-MDa 
conjugative  plasmid:  one  isolate  belonged  to  the  A/S  class 
Proto/lB-5  and  was  susceptible  to  other  antibiotics  (74). 

PPNG  strain  populations  have  been  analyzed  in  detail  in 
Miami,  Fla.,  where  PPNG  infections  accounted  for  approx¬ 
imately  309f  of  cases  of  gonorrhea  in  1986  (73).  The  PPNG 
strain  population  in  Miami  has  undergone  dramatic  changes 
between  1983  and  1986  (75).  In  1983,  PPNG  strains  possess¬ 
ing  the  3.2-MDa  fJ-lactamase  plasmid  predominated,  and  few 
strains  possessed  the  24.5-MDa  conjugative  plasmid.  In  late 
1984.  most  PPNG  strains  possessed  the  4,4-MDa  p-lacta- 
mase  plasmid.  By  1986.  most  PPNG  strains  possessed  the 
3.2-MDa  plasmid,  and  369f  of  these  also  possessed  the 
24.5-MDa  conjugative  plasmid.  During  each  period,  the 
PPNG  strain  population  consisted  of  a  few  dominant  and 
many  transient  A/S  classes;  the  predominant  A/S  classes 
also  differed  from  one  period  to  the  next  (75).  On  the  basis  of 
these  observations,  we  speculate  that  the  PPNG  strain 
population  in  Miami  has  undergone  temporal  changes  influ¬ 
enced  by  the  introduction  and  eradication  of  different  PPNG 
strains  rather  than  by  transfer  of  the  plasmids  in  the  com¬ 
munity.  In  view  of  the  prevalence  of  the  24.5-MDa  conjuga¬ 
tive  plasmid  in  PPNG  strains  in  1986.  transfer  of  the  p- 
lactamase  and  conjugative  plasmids  to  indigenous  strains 
may  occur  more  frequently  in  the  future. 

High-level  tetracycline  resistance  conferred  on  /V.  fionor- 
rhoeae  (TRNG)  strains  is  due  to  the  acquisition  of  a  25.2- 
MDa  /t'/,V/-conjugative  plasmid  (44).  TRNG  isolates  have 
been  reported  in  the  United  States  (37,  44),  Canada  (60,  64), 
The  Netherlands  (52).  and  England  (28,  69)  and  have  been 
classified  by  phenotypic  typing  methods.  TRNG  isolates 
belonging  to  as  many  as  23  A/S  classes  have  been  identified, 
suggesting  that  the  25.2-MDa  plasmid  has  been  transferred 
among  different  gonococcal  strains.  Similar  to  other  gono¬ 
coccal  strain  populations.  TRNG  strain  populations  have 
been  characterized  by  the  introduction  and  eradication  of 
individual  TRNG  strains,  although  approximately  509f  of 
isolates  initially  studied  in  the  United  States  belonged  to  the 
Pro/IB-1  A/S  class. 

Prospects 

We  can  characterize  outbreaks  and  study  epidemiological 
correlates  of  gonorrhea  by  using  the  phenotypic  typing 
techniques  that  permit  detailed  analyses  of  gonococcal  strain 
populations.  Two  criticisms  of  the  serotyping  system  have 
been  voiced;  one  is  that  they  provide  too  much  discrimina¬ 
tion  among  strains;  the  second  is  that  more  discrimination  is 
required  within  the  major  serovars  such  as  IB-1  and  IB-3. 
Future  studies  will  almost  certainly  include  investigations  of 
the  relatedness  between  strains  belonging  to  different  sero¬ 
vars  and  evaluation  of  additional  monoclonal  antibodies  or 
other  typing  techniques  to  subdivide  isolates  belonging  to 
the  major  serovars.  Although  the  current  systems  have  some 
shortcomincs.  valuable  information  concerning  the  emer¬ 
gence  nid  spread  of  antimicrobial-resistant  strains  of  N. 
aonorrluieae.  and  their  association  with  gonococcal  syn¬ 
dromes.  can  be  obtained. 
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The  development  and  use  of  various  animal  models  in  the 
early  1970s  helped  renew  interest  in  the  immunobiology  of 
.\eisseria  ^onorrhoeae  and  .V.  /nenuig/t/d/.v.  This  research 
also  provoked  controversy  concerr'ng  which  infection 
msrdel  provided  the  most  useful  inforr..ation.  Certainly,  the 
human  host  or  isolated  organ  cultures  provided  a  relevant 
test  system  for  neisserial  infections;  however,  these  models 
were  not  accessible  to  many  research  groups,  and,  therefore, 
alternative  models  were  necessary  for  preliminary  studies.  If 
some  discretion  is  exercised  in  selecting  an  appropriate 
species  and  in  interpreting  the  results,  much  useful  informa¬ 
tion  can  be  obtained  by  studying  these  sometimes  contrived 
model  systems.  The  question  regarding  what  constitutes  a 
valid  model  depends  largely  on  the  types  of  experiments 
being  performed.  For  cell  attachment  studies,  human  tissues 
appear  to  be  essential  because  of  the  species-specific  nature 
of  this  interaction  (27).  Human  organ  cultures  that  may  be 
ideal  for  studying  receptor-mediated  attachment  may  be  less 
suitable  for  studying  the  role  of  humoral  factors  in  patho¬ 
genesis  because  some  cell-  and  complement-mediated  sys¬ 
tems  are  not  intact.  On  the  other  hand,  certain  animals 
whose  immune  systems  function  in  many  respects  like  those 
of  humans  can  be  used  to  study  the  complex  interaction  of 
the  multiple  cellular  and  humoral  factors  that  are  involved  in 
the  inflammatory  response,  even  though  these  animals  may 
lack  the  species-dependent  receptors  found  in  tissues  of 
human  origin.  In  this  article  I  will  review  some  of  the 
attributes  and  deficiencies  inherent  in  the  various  animal 
species  that  have  been  used  as  models  of  infection  and  point 
out  the  aspects  of  their  comparative  immunology  that  are 
important  in  interpreting  results. 

A.MMAL  MODELS  OF  A.  GONORRHOHAE  INFECTION 

Some  of  the  earliest  published  reports  of  animal  infections 
involving  A',  y'onorr/ioeae  appeared  in  the  late  19,10s  when 
Miller  described  the  mouse  intraperitoneal  and  rabbit  in¬ 
traocular  models  (3,“'.  36).  The  rabbit  model  was  used  briefly 
for  testing  the  in  vivo  efficacy  of  new  antimicrobial  agents, 
but  the  overwhelming  success  of  penicillin  in  human  trials 
soon  thwarted  interest  in  continued  animal  testing.  The  next 
flurry  of  activity  in  this  area  occurred  in  the  early  1970s. 
when  studies  of  genital  infections  of  chimpanzees  (.‘i,  12.  31) 
and  infections  of  subcuttmeous  chtimbcrs  in  laboratory  ani¬ 
mals  (1-3.  6,  16)  were  reported.  Results  from  immunologic 
studies  involving  these  models  heightened  interest  in  the  use 
of  animals  and  in  the  prospect  of  developing  a  successful 
gonococcal  vaccine. 

Primate  Infection 

I'he  chimpanzee  iPan  troglodytes]  is  the  only  animal 
species  other  than  humans  in  which  localized  urethral  infec¬ 
tions  of  3  to  6  weeks  in  duration  have  been  established  (31). 
Anatomically  and  physiologically,  chimpanzees  resemble 
humans:  they  htive  similar  ABO  blood  groups,  scrum  lyso¬ 
zymes.  and  an  immunoglobulin  A  susceptible  to  cleavage  by 


gonococcal  immunoglobulin  A  protease  (40).  Chimpanzees 
have  been  infected  with  laboratory-grown  gonococci,  and 
male-to-female  transmission  has  occurred  in  sexually  active 
cage  mates  (12).  Not  unlike  the  situation  in  humans,  individ¬ 
ual  variation  in  susceptibility  to  gonococcal  infection  has 
been  observed.  Chimpanzees  that  have  urethras  colonized 
by  Proteus  and  Serratia  spp.  can  show  greatly  increased 
resistance  to  gonococcal  infection.  In  addition,  not  all  hu¬ 
man  isolates  of  gonococci  are  virulent  for  chimpanzees  (4. 
.30).  Nevertheless,  chimp,  izees  have  been  useful  for  dem¬ 
onstrating  relative,  strain-dependent,  acquired  resistance  to 
N.  iionorrhoeae  following  experimental  infection  or  sys¬ 
temic  immunization  with  formaldehyde-fixed  cells  (4.  .‘'). 
Interestingly,  a  greater  degree  (a200-fold)  of  resistance  to 
urethral  infection  was  induced  by  systemic  immunization 
with  formaldehyde-fixed  cells  than  was  observed  following 
remission  of  untreated  urethral  infection  (4.  5.  30).  In  addi¬ 
tion  to  the  enhanced  resistance  to  urethral  challenge,  immu¬ 
nized  male  chimpanzees  became  colonized  with  relatively 
fewer  gonococci  when  given  an  overwhelming  challenge 
dose  (>10^  colony  forming  units),  remained  infected  for  a 
shorter  period,  and  were  unable  to  infect  susceptible  females 
(4.  .3).  Unfortunately,  male  chimpanzees  suitable  for  gono¬ 
coccal  studies  are  in  limited  supply,  and  their  use  as  a  model 
for  human  immunodeficiency  virus  infection  will  further 
diminish  prospects  of  their  use  in  other  types  of  research. 

Nonprimate  Infection 

Except  for  some  differences  in  their  comparative  immu¬ 
nology.  laboratory  animal  species  are  readily  available  for 
certain  types  of  infection-related  experiments.  A  number  of 
inbred  lines  of  immunologically  well-characterized  mice  are 
available,  and  gonococcal  infections  can  be  induced  in  this 
species  by  a  variety  of  methods.  Mice  implanted  with 
subcutaneous  chambers  are  well  adapted  for  graded-dose 
challenge  experiments,  which  permit  the  determination  of 
relatively  small  differences  in  the  virulence  of  N.  tionor- 
rlioeae  strains  or  in  (he  acquired  resistance  of  the  host. 
Because  some  strains  of  mice  are  deficient  in  complement 
factors  necessary  for  efficient  bactericidal  activity  via  the 
classical  pathway,  a  method  has  been  developed  for  admin¬ 
istering  exogenous  guinea  pig  complement  at  the  lime  of 
gonococcal  challenge.  This  technique  allows  sonie  aspects  of 
both  complement-dependent  and  complement-independent 
resistance  to  be  quantitatively  determined  (8.  24.  49). 

At  least  two  methods  for  inducing  urogenital  infections  in 
mice  have  been  reported:  inoculation  of  gonococci  into 
fluid-filled  perianal  sacs  formed  by  natural  or  surgically 
produced  strictures  of  the  uterus  (11,  .“il),  and  transcervical 
inoculation  of  gonococci  (29).  Both  methods  produce  his¬ 
tologic  evidence  of  inflammation,  and  viable  gonococci  can 
be  recovered  from  infected  tissues  at  various  days  after 
inoculation,  fhese  models  ofler  the  advantage  that  gonococ¬ 
cal  infections  arc  induced  in  a  more  natural  site.  However, 
because  murine  immunoglobulin  A  is  not  susceptible  to 
gonococcal  proteases  and  because  the  gonococci  remain 
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entrapped  in  a  fluid-filled  cavity,  these  models  may  not  prove 
suitable  tor  some  experiments  that  examine  mucous-mem¬ 
brane  attachment,  especially  uhen  host-specific  surface  re¬ 
ceptors  are  involved. 

Because  of  their  relatively  high  level  of  serum  complement 
activity,  guinea  pigs  are  often  preferred  as  immunologic 
models.  However,  the  only  reported  method  for  inducing 
gonococcal  infections  in  this  species  involves  implanted 
porous  chambers  (2.  9).  The  foreign-body  effect  produced  by 
the  subcutaneous  chamber  appears  to  create  an  immunolog- 
ically  privileged  site  where  gonococci  can  he  grown  for 
several  weeks  before  the  host  immune  sy  stem  terminates  the 
infection.  Because  small-challenge  inoculadO  to  100  colony¬ 
forming  units)  of  several  gonococcal  strains  can  produce 
high  (>80Cr)  infection  rates,  guinea  pigs  are  a  sensitive 
model  for  determining  some  aspects  of  acquired  resistance 
induced  by  systemic  immunization  (6,  1).  by  using  a  graded- 
dose  challenge  method,  a  significant  level  of  strain-related 
and  cross-protective  immunity  can  be  quantitatively  deter¬ 
mined  (7.  38.  ,s2).  Most  strains  of  gonococci  recovered  from 
urogenital  infections  can  infect  guinea  pigs.  Paradoxically, 
some  strains,  especially  those  of  the  IA-2  serovar  often 
found  associated  with  disseminated  gonococcal  infections, 
are  not  as  virulent  for  guinea  pigs  (37).  This  difference  may 
be  due  to  species-related  differences  in  protective  host 
factors  such  as  the  availability  of  metabolic  iron,  immuno¬ 
globulin  classes,  blocking  antibodies,  or  in  S  protein,  an 
important  inhibitor  of  terminal  complement  factors  (32.  41). 

Rabbits  are  convenient  animals  for  the  production  of 
immune  sera,  but  they  are  not  highly  susceptible  to  subcu¬ 
taneous  neisseria)  infections  unless  they  are  given  large 
doses  of  dexamethasone,  an  immunosuppressive  drug  that 
inhibits  synthesis  of  interferon  by  decreasing  the  level  of  its 
messenger  ribonucleic  acid  (23).  However,  by  using  a  tran- 
saortic  catheter,  one  can  produce  a  gonococcal  bacteremia 
m  rabbits  that  results  in  hepatic  lesions  similar  to  those 
iibscrved  in  humans  (28).  Rabbits  are  generally  sensitive  to 
the  elfecis  of  bacterial  endotoxin,  and  a  generalized 
.Shwart/man  reaction  can  be  induced  by  giving  two  intrave¬ 
nous  I’  ..•rtiiins  of  gonococci  20  to  24  h  apart  (10).  However, 
atten  -  use  a  rabbit  oviduct  organ  model  for  studying 
gonococcal  cell  attachment  have  been  unsuccessful  because 
only  human  tissue  provides  for  specific  attachment  and 
muco'  damage.  Oviducts  of  bovine  and  porcine  origin 
were  i  wise  undamaged  by  gonococci  (27). 

Laboratory  rats  are  not  easily  infected  with  gonococci, 
probably  because  of  their  high  level  of  natural  serum  bacte¬ 
ricidal  activity  .  Rats  have  been  used,  however,  to  demon¬ 
strate  the  arthropathic  properties  of  the  gonococcal  pepti- 
doglycan  (hat  has  been  implicated  in  the  pathogenesis  of 
disseminated  joint  disease  (20). 

(jonococcal  infections  produced  in  subcutaneous  cham¬ 
bers  implanted  in  hamsters  are  similar  to  those  described  for 
laboratory  mice.  Hamsters  have  a  better-developed  comple¬ 
ment  system  than  do  most  strains  of  mice,  but  their  very 
short  tail  makes  them  difficult  to  handle  and  increases  the 
risk  of  the  handler's  being  bitten. 

Chicken  embryos  provide  a  convenient  model  for  in  vivo 
studies  involving  some  aspects  of  neisserial  pathogenesis 
1 14.  1.“',  21,  47).  However,  they  lack  a  complete  complement 
system  and  are  not  amenable  to  active  immunization,  al¬ 
though  the  effects  of  passively  transferred  antibodies  have 
been  tested  in  this  model  (19). 


ANIMAL  MODELS  OF  MENINGOCOCCAL  INFECTION 

Various  animal  models  including  monkeys,  rabbits,  guinea 
pigs.  mice,  and  chicken  embryos  have  been  used  in  the  study 
of  different  aspects  of  meningococcal  pathogenesis  (18.  22. 
.34.  44).  Of  these  species,  the  laboratory  mouse  is  probably 
one  of  the  more  versatile  animals  in  terms  of  methods  for 
inducing  infection,  because  we  can  select  inbred  lines  with 
well-characterized  immunologic  features.  The  influence  of 
genetic  loci  on  the  susceptibility  of  mice  to  bacterial  invasion 
is  well  documented  (43).  The  l.ps  gene  locus,  which  regu¬ 
lates  the  cellular  response  to  endotoxin,  appears  to  have 
significant  control  over  the  host  resistance  to  meningococcal 
infection  (42,  53).  Inbred  lines  of  mice  with  a  defective  l.ps 
response  fail  to  appropriately  activate  macrophages  during 
the  early  stages  of  infection,  resulting  in  microbial  coloniza¬ 
tion  and  subsequent  hematologic  dissemination.  However, 
one  must  also  appreciate  that  although  l.ps-dctective  mice 
can  support  more  rampant  bacterial  growth,  their  immuno¬ 
logic  and  pathologic  responses  to  infection  could  also  be 
severely  compromised. 

The  mouse  intraperitoneal  infection  model  that  uses  gas¬ 
tric  mucin  to  enhance  infection  has  been  used  extensively  for 
determining  meningococcal  strain  variation  and  for  elucidat¬ 
ing  the  role  of  metabolic  iron  during  meningococcal  infection 
(34).  Because  very  little  free  iron  is  available  to  microorgan¬ 
isms  growing  extracellularly  in  the  human  or  animal  host, 
many  pathogens  have  developed  methods  for  obtaining 
essential  iron  from  storage  and  transport  proteins.  Both 
meningococci  and  gonococci  are  capable  of  obtaining  iron 
from  transferrin  and  lactoferrin.  whereas  most  commensal 
iVm.venu  organisms  lack  this  capacity  (33).  Holbein  found 
that  iron  dextran  could  replace  mucin  in  the  mouse  intraperi¬ 
toneal  model  and  suggested  that  an  iron  deficiency  devel¬ 
oped  in  mice  following  infection  as  a  result  of  the  failure  of 
transferrin  to  reload  iron  (25).  Holbein  later  showed  that 
some  virulent  strains  of  meningococci  could  infect  mice 
independent  of  exogenous  iron,  and  he  suggested  that  viru¬ 
lence  detei  minants.  in  addition  to  iron  acquisition,  played  an 
important  role  in  pathogenicity  (26).  Both  Miller  (34)  and 
Holbein  (25)  proposed  that  carrier  strains  of  meningococci 
may  lack  the  invasiveness  of  disease  strains;  therefore, 
research  continued  toward  developing  a  relevant  infection 
model  that  could  determine  the  invasive  potential  of  test 
organisms. 

The  mouse  intraperitoneal  model  was  shown  to  have  son.e 
capability  for  discriminating  between  meningococci  of  high 
and  low  virulence.  Disease-associated  strains  generally  in¬ 
duced  a  fatal  infection  in  mice  after  the  injection  of  relatively 
few  microorganisms  (<1()  colony-forming  units),  whereas 
less  virulent  or  carrier  strains  had  a  509f  lethal  dose  of  >10'' 
colony-forming  units  (26).  Salit  (44)  described  a  mouse 
model  in  which  intranasal  challenge  was  used  to  test  the 
invasive  potential  of  disease-  and  carrier-associated  strains. 
Approximately  4{)'7f  of  2-  to  5-day-old  mice  became  bacte- 
remic  by  48  to  72  h  after  intranasal  inoculation  with  virulent 
meningococci.  This  model  offered  an  advantage  in  that 
meningococcal  attachment,  mucosal  colonization,  and  inva¬ 
sion  of  underlying  tissue  ■  ith  subsequent  hematologic  dis¬ 
semination  could  be  monitored  in  systematic  experiments 
involving  histologic  sectioning  of  the  intact  mouse. 

An  infant-rat  model  for  group  B  meningococci  has  been 
developed  to  evaluate  the  protective  effects  of  monoclonal 
antibodies  that  react  with  chiss  1  and  class  3  outer  membrane 
proteins  (45.  46).  Five-day-old  Wistar  rats  were  injected 
intraperitoneally  with  monoclonal  antibodies  1  or  20  h  befi're 
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the  intraperitoncal  injection  ol  10'  colon\ -f'oiming  units  ol'a 
group  B  meningococcal  strain.  1  hese  monoclonal  antibodies 
gave  signiticant  protection  against  the  subsequent  bactere¬ 
mia.  meningiti'..  and  death  that  occurred  in  the  control 
animals.  Peppier  and  Frasch  pre\  iously  shov\ed  that  guinea 
pigs  could  be  protected  against  group  B  meningococci  by 
immuni/ation  with  a  serotype  2  vaccine  (301,  These  models 
are  convenient  tools  tor  evaluating  the  systemic  effects  of 
\arious  immunologic  interventions.  .Additional  factors  that 
are  important  in  the  human  disease,  hov\ever.  such  us  the 
effects  of  immunologic  maturitj  of  the  host,  the  role  of 
mucosal  attachment,  and  tissue  invasion,  must  also  be 
considered  if  an  appropriate  model  is  to  be  developed. 

ORGAN  CLLTLRE  MODELS 

The  human  fallopian  tube  organ  culture  has  provided 
researchers  with  an  excellent  scstem  in  vshich  to  study  the 
gonococcus-host  cell  attachment  and  the  localized  spread  of 
microorganisms.  In  this  model,  the  initial  attachment  of 
gonococci  to  nonciliated  host  cells  appeared  to  be  mediated 
b>  the  interaction  of  gonococcal  pili  w  ith  microvilli  of  the 
mucosal  cells  (27,  48l.  The  release  of  cytotoxins.  including 
lipopoK saccharide  and  monomeric  peptidoglycan.  resulted 
in  injurv  to  the  host  cells  as  evidenced  by  the  loss  of  ciliary 
iictivitx  and  eventual  sloughing  of  the  cells.  Important  ques¬ 
tions  concerning  tissue  penetration  by  gonococci  ;ind  the 
effects  of  immunoglobulin  A  protease  htive  been  addressed 
b\  using  organ  culture  ( 17).  Endocytosis  ;ind  phagocytosis  of 
gonococci  by  host  cells  tippear  to  play  major  roles  in  the 
translocation  of  gonococci  to  the  subepithelial  space  in 
orgiins  where  the  bacteriti  ciin  multiply  . 

.Another  organ  culture,  conttiining  human  nasophtiryngeal 
tissue,  has  been  used  to  evaluate  the  interaction  of  ,V. 
nicninvitidis  with  mucous  membranes.  Meningococci  selec¬ 
tively  attached  to  the  microvilli  of  noncilitited  epithelial  cells 
and  were  interntilized  by  endocytosis.  .Although  meningo¬ 
cocci  failed  to  attach  to  ciliated  cells,  ciliary  function  and  cell 
viability  were  damaged  bv  lipopoly saccharide  released  by 
the  microorganisms  (48). 

CONCLlSilONS 

.Although  many  successful  experiments  have  been  re¬ 
ported.  the  use  of  v  arious  animal  models  to  test  the  virulence 
and  immunogenicity  of  Scisscriu  spp,  remains  controver- 
'i.il.  .Animal  trials  with  chimpanzees,  guinea  pigs,  and  mice 
have  shown  that  signiheant  immunity,  either  relative  or 
absolute,  can  be  induced  by  systemic  immunization  with 
tormaklehy'lc-fixed  cells  or  with  protein  outer  membrane 
complex.  No  increased  resistance  was  obtained,  however, 
by  administering  preparations  of  highly  purified  gonococcal 
pill  <  1 3.  s()).  The  relative  degree  of  cross-protection  afforded 
by  immunization  with  ditferent  neisserial  strains  has  also 
been  shown  in  these  models.  .Surprisingly  ,  results  of  gono¬ 
coccal  immunization  trials  in  these  species  appetir  to  oe 
consistent,  even  though  the  routes  of  infection,  intriitirethral 
for  chimpanzees  and  subcutaneous  in  mice  and  guinea  pigs, 
are  very  ililferent.  I  he  ability  to  lest  various  immunogens  in 
animal  models  has  allowed  researchers  to  establish  that 
systemic  imniiinizalion  can  affect  strain-related  resistance  to 
SCiwcriii  spp.  and  shouki  continue  to  provide  an  alternative 
mclhi  I  for  preliminary  testing  of  potential  vaccines. 

Mail,  unanswerevl  questions  exist  concerning  the  attach¬ 
ment  and  in  v  ivo  growth  ol  pathogenic  Xcisscria  spp.  I  he 
role  of  pill  is  not  completely  understood.  The  nature  of  the 


receptors  that  mediate  specific  attachment  of  cells  and 
lipopolysaccharides  also  awaits  further  definition.  The  spe¬ 
cies-specific  binding  of  iV.  f^onarrliococ  and  N.  meningitidis 
with  host  proteins,  including  transferrin,  lactoferrin,  and  S 
protein,  is  being  studied  in  an  attempt  to  isolate  cell  compo¬ 
nents  that  could  have  vaccine  potential.  The  preliminary 
testing  of  these  candidate  vaccines  will  probably  involve 
animal  studies.  Therefore,  it  is  essential  that  investigators 
select  the  most  appropriate  model,  based  on  current  infor¬ 
mation  concerning  the  pathogenic  mechanism  of  infection 
and  the  type  of  vaccine  intervention  being  tested. 
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Proteitt  111  (Pill)  was  originally  described  by  McDade  and 
Johnston  (14).  In  their  studies  of  the  gonococcal  outer 
membrane,  they  observed  that  all  gonococcal  strains  con¬ 
tained  a  similar  protein  whose  apparent  molecular  weight  in 
sodium  dodecyl  sulfate-polyacrylamide  gel  electrophoresis 
increased  upon  treatment  with  a  reducing  agent.  Further¬ 
more,  they  and  others  (14.  17)  provided  evidence,  using 
bifunctional  cross-linking  reagents,  that  Pill  was  closely 
associated  with  the  protein  I  (PI)  porin  within  the  gonococcal 
outer  membrane.  It  was  further  shown  that  PHI  was  struc¬ 
turally  and  immunologically  conserved  among  several 
strains  of  gonococci  (11,  12).  In  studies  in  which  several 
proteolytic  enzymes  were  used  to  investigate  the  surface 
orientation  of  gonococcal  outer  membrane  proteins.  Pill 
was  found  to  be  resistant  to  protease  treatment  (2).  How¬ 
ever.  Shafer  and  Morse,  using  lysosomal  cathepsin  G. 
showed  that  PHI  in  gonococcal  outer  membranes  could  be 
cleaved  by  this  enzyme  (20).  In  addition,  the  rate  at  which 
PHI  was  degraded  by  cathepsin  G  could  be  correlated  to  the 
lipooligosaccharide  expressed  by  a  particular  strain  of  gono¬ 
coccus;  i.e..  the  PHI  associated  with  low-molecular-weight 
lipooligosaccharide  was  cleaved  more  rapidly  than  was  the 
PHI  associated  with  a  higher-molecular-weight  lipooligosac¬ 
charide.  Surface-labeling  experiments  and  the  ability  of  PHI 
to  react  in  vivo  with  a  monoclonal  antibody  also  indicated 
that  PHI  had  surface-exposed  domains  (22).  Our  interest  was 
piqued  by  several  unanswered  questions.  We  wanted  to 
know  (i)  how  this  highly  conserved,  surface-exposed  protein 
could  exist  in  an  organism  that  expended  a  great  deal  of  its 
genome  and  energy  in  antigenic  variation;  (ii)  how.  if  at  all. 
PIH  affected  the  functions  of  PI;  and  (iii)  how  PHI  could  be 
eliminated  as  a  contaminant  in  preparations  of  PI. 

PURIFICATION 

To  study  PHI  more  directly,  we  developed  a  method  for 
purifying  it  (13)  and  began  to  examine  its  biochemical  and 
immunochemical  characteristics.  Early  on,  we  observed  that 
to  purify  PI,  it  was  essential  to  separate  PI  from  PHI  in  the 
initial  extraction  step.  Otherwise,  PHI  remained  tightly 
associated  with  PI  throughout  the  subsequent  steps  of  puri¬ 
fication.  We  found  that  if  the  pH  of  the  extraction  buffer  was 
altered,  different  proteins  would  be  solubilized.  If  the  extrac¬ 
tion  was  performed  at  pH  rs  4.  PI  and  PH  were  quantitatively 
released,  hut  PHI  remained  with  the  cell  debris  (1).  PHI  was 
solubilized  in  rather  pure  form  by  reextraction  of  the  cell 
debris  with  a  pH  10.5  buffer.  It  was  completely  released  with 
minimal  PI  contamination.  The  PIH  was  then  purified  by 
cation-exchange  chromatography  on  CM-.Sepharose.  fol¬ 
lowed  by  gel  filtration  on  Sephacryl-2()()  (1.3).  The  resulting 
product  retained  all  the  biochemical  and  immunochemical 
characteristics  of  the  native  PHI.  except  that,  unlike  the 
native  molecule,  purified  PHI  was  highly  susceptible  to 
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proteases.  The  amino  acid  composition  and  amino-terminal 
sequences  of  PHI  isolated  from  several  strains  of  Neisseria 
gonorrhoeae  were  determined  and  found  to  be  identical. 
Furthermore,  these  data  suggested  that  PHI  was  distinct 
from  gonococcal  PI  or  PH.  Polyclonal  rabbit  antiserum  was 
raised  to  the  purified  PHI  and  used  in  whole-cell  enzyme- 
linked  immunosorbent  assay  (ELISA)  inhibition  studies. 
These  data  confirmed  the  results  of  others  (12,  22).  which 
suggested  that  PHI  was  surface  exposed  and  indicated  that 
approximately  709f  of  the  antibodies  to  the  purified  molecule 
were  adsorbed  by  intact  gonococci.  It  was  also  observed  that 
the  class  4  protein  of  N.  meningitidis  was  recognized  by 
these  antisera. 


CLONING  OF  THE  STRUCTURAL  GENE 

The  structural  gene  of  PHI  has  been  cloned  in  the  expres¬ 
sion  vector  \  gtll  (7).  Unlike  clones  of  gonococcal  PL  the 
cloned  PHI  gene  produced  a  full-sized,  immunologically 
reactive  product  in  Escherichia  coli  following  isopropyl- 
p-D-thiogalactopyranoside  (IPTG)  induction  as  shown  by 
Western  immunoblot  analysis.  The  cloned  protein  displayed 
the  typical  increase  in  apparent  molecular  weight  in  sodium 
dodecyl  sulfate-polyacrylamide  gel  electrophoresis  upon  re¬ 
duction.  The  PHI  gene  has  been  sequenced  by  the  chain 
termination  method  and  found  to  contain  an  open  reading 
frame  of  236  amino  acids  (8).  This  consisted  of  a  typical 
22-amino-acid  signal  peptide  sequence  followed  by  the 
known  N-terminal  sequence.  However,  the  calculated  mo¬ 
lecular  weights  for  the  pro-protein  and  the  mature  protein 
were  25.544  and  was  23,298.  respectively.  This  was  almost 
8,0<)0  less  than  expected  from  its  migration  on  sodium 
dodecyl  sulfate-polyacrylamide  gel  electrophoresis.  There 
were  several  lines  of  evidence  indicating  that  the  PHI 
sequence  terminated  at  nucleotide  813  (rather  than  at  about 
nucleotide  lOffO).  First,  a  subclone  in  plasmid  pUC9  extend¬ 
ing  from  nucleotides  1  to  897  produced  a  complete  PHI 
product.  Second,  a  typical  transcription  terminator  was 
found  starting  at  nucleotide  909.  Third,  the  predicted  amino 
acid  composition  of  the  mature  PHI  corresponded  closely  to 
that  determined  by  analysis.  Several  different  methods  have 
been  used  in  an  attempt  to  determine  the  carboxy-terminal 
residue  of  gonococcus-expressed  PHI  by  using  carboxypep- 
tidase  Y  digestion  (E.  J.  Lytton  and  M.  S.  Blake,  unpub¬ 
lished  data).  No  free  amino  acids  were  released,  suggesting 
that  the  carboxy  terminus  was  blocked  or  unavailable  for 
cleavage. 

Recently.  Klugman  (personal  communication)  has  cloned 
and  sequenced  the  gene  of  the  N.  meningitidis  class  4  protein 
by  using  similar  cloning  and  sequencing  strategies  that  were 
used  with  PHI.  His  results  showed  that  the  sequences  of  the 
two  proteins  (PHI  and  class  4)  were  almost  identical,  the 
most  pronounced  differences  being  within  the  proline-rich 
area. 
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PROTEIN  III 


S61 


proOmpA 

proOmpA 

proOmpA 

proPIII 


MKKTAIAIAVALAGFATVAQAAPKDNTWVTGAKLGWSQVH 
10  20  30  40 

DTGFINNNGPTHENQLGAGAFGGVQVNPVVGFEMGYDWLG 
50  60  70  80 

RMPYKGSVENGAYKAQGVQLTAKLGVPITDDLDIYTREGG 
90  100  110  120 

10  20  30 

MTKQLKLSALFVALLASGTAVAGEASVQGYTVSGQS 


proOmpA 


proPIII 


MVWRADTKSNVYGKNHDTGVSPVFAGGVEYAITPEIATRL 
130  140  150  160 

40  50  60  70 

WEIVRRNYGECWKNAYFDKASOGRVECGDAVAVPEPEPAP 


proOmpA 


proPIII 


E  YQWTNN I G  DAHT I GTRPDNGMISLGVS  Y  RFGOGEAAPW 
170  180  190  200 

80  90  100  110 

VAWEQAPQYVDETISLSAKTLFGFDKDSLRAEAODNLKV 


proOmpA 


proPIII 


APAPAPAPEVOTKHFTLKSDVLFNFNKATLKPEGOAALDO 
210  220  230  240 

120  130  140  150 

LAORLSR— TNVOSVRVEGHTDFMGSEKYNOALSERRAVV 


proOmpA  LYSOLSNLDPKDGSVWLGYTDRIGSDAYNOGLSERRAOS 
250  260  270  280 

160  170  180  190 

proPIII  VANNLVSWGVPASRISAVGLGESOAOMTOVCOAEVAKrr-.A 

proOmpA  WDYLISKGIPADKISARGMGESNPVTGNTC - 

290  300  310 

200  210  220  230 

proPI  1 1  KASKAKKREALI  ACIEPDRRVDyKIRSI  VTRQWPARNHH 


proOmpA  — DNVKORAALI DCLAPDRRVEI EVKG  T  KOWTOPO  A 
320  330  340 


proPIII  QH 

FIG.  I.  Comparison  of  the  amino  acid  sequences  of  N.  noiior- 
rlunuic  Pin  (8)  and  coli  OmpA  (41.  Homology  between  the  two 
proteins  is  indicated  by  a  colon,  and  conservative  substitutions  are 
indicated  by  a  period.  Furthermore,  each  of  these  two  proteins  has 
been  compared  with  the  sequence  of  P.  aenif;iiu>s(i  protein  F  t6). 
and  where  their  respective  sequences  compare  significantly,  the 
sequence  is  underlined. 


PARTIAL  HOMOLOGY  WITH  PROTEINS  FROM 
OTHER  GRAM-NEGATIVE  ORGANISMS 

The  translated  sequence  of  Pill  was  compared  with  those 
of  other  known  protein  sequences  and  found  to  have  homol¬ 
ogy  with  enterobacteria)  OmpA  proteins  (3).  PHI  also  has 
significant  sequence  homology  with  the  protein  F  gene  of 
Psciidomoiuis  acnifiinosa  (6).  (Fig.  1).  The  similarity  be¬ 
tween  OmpA  and  PHI  begins  in  a  proline-rich  region,  where 
OmpA  has  five  proline  residues  interspersed  with  valines  or 
alanines.  The  same  feature  is  seen  in  PHI.  except  that  in 
addition  to  the  six  valines  or  alanines,  the  area  also  contains 
three  glutamates  and  one  glutamine.  T  hereafter,  the  homol¬ 
ogy  is  very  striking,  with  the  exception  of  the  terminal  14 
amino  acids  in  PHI.  The  distance  between  the  homologous 
cysteine  residues  is  11  amino  acids  longer  in  PHI.  In  the 
nonhomologous  region  of  PHI.  just  to  the  amino-terminal 
end  of  the  proline-rich  region,  there  are  two  cysteine  resi¬ 
dues  at  positions  47  and  63.  T  his  disulfide  loop  is  not  seen  in 
any  of  the  other  known  OmpA  proteins.  However,  in  the  /'. 
acrn^inoso  protein  F  sequence,  there  is  an  area  containing 
four  cysteines  Just  following  the  proline-rich  region  (6).  We 
were  interested  in  how  these  cysteines  related  to  each  other, 
and  we  took  advantage  of  twi)  methionyl  residues  at  posi¬ 
tions  139  and  182  to  determine  whether  the  two  cysteine 
residues  at  positions  186  and  209  were  disulfide  bonded  to 
those  at  positions  47  and  63.  Under  nonreducing  conditions 
the  molecule  was  chemically  cleaved  by  cyanogen  bromide 
at  the  methione  residues  (9).  These  fragments  were  then 
analyzed  by  gel  electrophoresis,  by  the  methods  of  .Swank 
and  Munkres  (21).  When  cyanogen  hromide-gcnera(ed  PHI 


fragments  in  a  nonreduced  form  were  compared  with  those 
which  had  been  reduced  prior  to  electrophoresis,  no  differ¬ 
ence  was  seen  and  the  number  of  fragments  observed  was 
the  same.  This  suggested  that  the  cysteine  residues  at 
positions  47  and  63  formed  one  15-amino-acid  disulfide  loop, 
while  the  cysteine  residues  at  positions  186  and  209  formed 
another.  Likewise,  we  have  compared  the  cyanogen  bro¬ 
mide-generated  fragments  from  the  purified  cloned  product 
with  those  generated  from  the  purified  gonococcal  product. 
All  the  peptides  had  similar  migrations,  with  the  exception  of 
one  in  each  case.  The  peptide  from  the  gonococcal  PHI  was 
isolated  by  using  reverse-phase  high-pressure  liquid  chroma¬ 
tography  on  a  diphenyl  column  and  subjected  to  amino  acid 
sequencing.  This  revealed  the  sequence  beginning  at  residue 
183;  it  also  showed  that  this  peptide  contained  the  carboxyl 
terminus.  The  observation  that  the  peptide  fragment  from 
the  gonococcal  PHI  migrated  with  an  apparent  molecular 
weight  that  was  approximately  2,000  higher  than  that  of  the 
fragment  from  the  cloned  product,  as  well  as  our  inability  to 
obtain  a  free  residue  upon  carboxypeptidase  Y  digestion, 
suggests  that  an  additional  substance  may  be  covalently 
bound  to  the  carboxyl  terminus.  Such  a  terminal  addition 
does  not  seem  to  be  the  case  with  the  E.  coli  OmpA  protein. 
However,  the  carboxyl  terminus  of  PHI  diverges  at  position 
224  from  the  sequence  of  the  E.  coli  OmpA. 


PHI  STRUCTURE 

Morona  et  al.  (15.  16)  studied  the  surface-exposed  regions 
of  the  OmpA  protein  of  E.  coli.  Utilizing  several  bacterio¬ 
phages  which  use  OmpA  as  a  receptor  (5.  23).  they  obtained 
a  large  number  of  phage-resistant  OmpA  mutants.  From  the 
changes  in  the  sequence  of  the  OmpA  gene  in  these  mutants 
(15.  16)  and  by  comparison  of  enzymatic  cleavage  of  OmpA 
between  intact  organisms  and  cell  envelopes  (4).  a  model  of 
the  OmpA  protein  within  the  membrane  has  been  proposed 
(15).  Changes  in  the  OmpA  sequence  in  the  phage-resistant 
mutants  were  clustered  in  four  major  areas,  which  could  be 
envisioned  as  four  surface-exposed  loops.  A  large  periplas- 
mic  portion  of  the  protein  that  begins  at  about  residue  198  of 
OmpA  is  predicted  from  the  proteolytic  resistance  of  OmpA, 
except  when  studied  in  isolated  envelopes.  In  this  case, 
proteolytic  cleavage  occurs  at  residue  198  of  OmpA.  Thus, 
the  homology  of  the  PHI  sequence  with  that  of  OmpA  begins 
where  it  is  postulated  that  the  OmpA  molecule  is  within  the 
periplasmic  space.  If  the  analogy  and  the  model  of  the  two 
proteins  is  in  fact  the  case,  only  residues  23  to  70  would  be 
exposed  on  the  surface  of  the  gonococcus,  while  the  rest  of 
the  PHI  molecule  would  be  periplasmic.  This  might  explain 
the  resistance  of  PHI  to  proteolysis  in  intact  organisms  and 
the  drastic  change  in  this  resistance  during  the  purification 
process.  If.  however.  PHI  was  located  in  the  membrane  such 
that  the  homologous  portion  extended  externally,  antibodies 
reactive  to  PHI  might  occur  through  exposure  to  E.  coli 
rather  than  to  N.  fconorriiocae  or  N.  nienitigitidis.  Recently, 
we  used  a  whole-cell  ELISA  inhibition  study  to  determine 
which  of  these  two  models  applies  to  PHI.  The  results  of 
such  an  experiment  are  shown  in  Fig.  2.  These  data  would 
suggest  that  at  least  409f  of  the  PHl-OmpA  cross-reactive 
antibodies  were  removed  by  incubation  with  intact  gono¬ 
cocci.  Other  data  substantiated  the  hypothesis  that  portions 
of  the  OmpA-like  region  on  PHI  were  exposed  on  the 
surfaces  of  gonococci  (18).  Using  the  primary  structure  of 
PHI  .  we  are  proceeding  to  map  the  surface-exposed  portions 
by  immunological  and  biochemical  techniques. 
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FIG.  2.  Whole-cell  inhibilion  ELISA  of  the  reactivity  of  two 
hyperimmune  Pill  anti,sera  im  and  tzu  )  and  one  OmpA  antise¬ 
rum  (  ES3  )  with  purified  OmpA.  The  basis  of  this  ELISA  has  been 
described  previou,sly  (13).  Microdilution  plates  w-ere  coated  with 
purified  OmpA.  Each  of  the  hyperimmune  rabbit  antisera  was  then 
diluted  with  phosphate-buffered  saline  to  obtain  a  titer  for  each 
serum  sample  which  would  give  a  reading  of  1.0  at  405  nm  in  the 
ELISA.  Bacteria  from  two  different  gonococcal  strains.  F62  and 
ULT.  and  one  meningococcal  strain,  M1080,  were  suspended  and 
diluted  in  phosphate-buffered  saline  until  the  optical  density  at  500 
nm  reached  0.6.  This  bacterial  suspension  of  each  strain  was 
dispensed  into  0.1-ml  aliquots  and  centrifuged,  and  the  supernatant 
was  removed.  The  bacteria  were  suspended  in  0.1  ml  of  the 
above-mentioned  dilution  of  each  serum  and  incubated  for  2  h  at 
4''C.  The  bacteria  and  adsorbed  antibodies  were  then  removed  by 
centrifugation.  The  supernatant  containing  the  antibodies  which  did 
not  adhere  to  the  bacteria  was  then  applied  to  microdilution  plates 
which  had  been  precoated  with  purified  OmpA.  The  rabbit  antibod¬ 
ies  were  then  detected  by  ELISA  with  a  goat  anti-rabbit  immuno¬ 
globulin  G  conjugated  to  alkaline  phosphatase.  The  percent  inhibi¬ 
tion  was  calculated  as  follows:  percent  inhibition  =  (1  -  (ELISA 
value  of  sera  after  whole-cell  absorption)/!  ELISA  value  of  sera  not 
absorbed)]  x  l()0. 


PHI  FUNCTION 

The  function  of  PHI  either  in  pathogenesis  or  in  the 
physiology  of  the  organism  is  unknown.  There  is  also  no 
information  about  the  effect  of  PHI  antibodies  on  the  infec¬ 
tion  at  either  a  mucosal  or  a  systemic  level.  However,  Rice 
and  co-workers  (10.  19)  showed  in  very  carefully  controlled 
in  vitro  studies  that  human  complement-fixing  immunoglob¬ 
ulin  G  (IgG)  antibodies  to  PHI  interfered  with  the  bacteri¬ 
cidal  activity  of  immunoglobulin  G  antibodies  directed  to 
other  surface  antigens  such  as  lipooligosaccharide.  These 
aspects  are  described  more  fully  elsewhere  in  this  issue  (18). 
These  observations,  i.e..  that  antibodies  to  Pllt  block  bac¬ 
tericidal  antibodies  to  other  gonococcal  surface  structures, 
might  explain  why  PHI  is  so  highly  conserved,  but  they  raise 
numerous  other  questions.  Among  these  are  how  these 
naturally  occurring  blocking  antibodies  arise.  For  example, 
are  they  elicited  by  OmpA-bearing  E.  coli.  by  other  neisse- 
rial  infections,  or  possibly  by  both?  What  are  the  epitopes 
recognized  by  the  blocking  immunoglobulin  G  antibodies'.’ 
How  do  these  antibodies  contribute  to  the  pathology  of 
gonorrhea? 

MUTANTS  LACKING  PHI  EXPRESSION 

Recently,  a  mutant  laeking  the  PHI  protein  in  (he  outer 
membrane  was  obtained  (Wetzler.  Gotschlich.  and  Blake, 
unpublished  data).  With  these  mutants  and  others  presently 


Clin.  Microbiol.  Rev. 

being  constructed  within  our  laboratory,  we  hope  to  more 
fully  determine  (i)  the  function  of  PHI;  (ii)  epitopes  of  PHI 
which  are  surface  exposed:  and  (iii)  the  way  in  which  PIH 
and  antibodies  to  PHI  affect  the  pathogenesis  of  gonococcal 
infections.  Furthermore,  with  gonococcal  mutants  lacking  in 
expression  of  PHI,  we  can  now  purify  and  more  fully 
understand  PI  without  potential  PIH  contamination. 
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Unified  Nomenclature  for  Pathogenic  Neisseria  Species 

PENNY  J,  HITCHCOCK 
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The  pathogenic  members  of  the  genus  Neisseria  include  UNIFIED  NOMENCLATURE 

Neisseria  ^onorrhoeae  and  N.  menintiitidis.  Both  organisms 

are  obligate  pathogens  of  humans;  both  colonize  nonenteric  At  the  Sixth  International  Conference  on  Pathogenic 
mucosal  surfaces;  and  both  cause  communicable  infections  Neisseriae  (October  1988).  a  nomenclature  workshop  was 

that  can  appear  as  either  overt,  silent,  or  chronic  infections.  held.  The  purpose  of  the  workshop  was  to  revitalize  a 

On  the  crude  level  of  deoxyribonucleic  acid  (DNA)  hybrid-  previously  established  process  whereby  neisseriologists 

ization.  these  gram-negative  diplococci  share  considerable  might  consider  genetic  and  gene  product  nomenclature  and 

DNA  homology.  A  more  detailed  pattern  of  interspecies  reach  a  consensus  (2).  The  nomenclature  committee  opted  to 

relatedness  emerges  when  one  examines  the  various  protein  follow  the  course  that  was  taken  by  the  Escherichia  coli 

and  nonprolein  constituents  of  these  bacteria.  Recently,  a  K-12  geneticists  a  number  of  years  ago.  Recommendations 

number  of  genes  have  been  cloned  and  sequenced,  and  the  were  made  for  genetic  nomenclature  in  line  with  the  rules  of 

relatedness  of  these  species  has  been  confirmed  on  the  basis  Demerec  el  al.  (1);  it  is  assumed  that  gene  product  designa- 

of  DNA  and  predicted  protein  sequences.  tions  will  evolve  to  be  the  same  as  the  gene  designations. 


TABLE  1.  Old  and  new  symbols  for  genes  and  gene  products  of  N.  f'onarrhocae  and  N.  menin^iiiiHs> 


Old  symbol 

New  symbol  (both  species) 

.V.  \ii>iu>rrluH‘iu 

meninMidJis 

Gene 

Description 

Gene  product 

Gene 

Gene  product  Gene 

product 

Protein  1  iPl) 

fimp 

Class  1 

Por.  PorA'’ 

/)«/•.  porA 

Major  outer  membrane  protein; 

porin 

Class  2  and  2 

PorB' 

ptirB 

Protein  111  (Pill) 

Class  4 

Rrnp 

nnp 

Reduction-modifiable  protein 

Protein  II  (Pll) 

opa 

Class  5 

Opa.„;„n 

e.g..  I<pu/|  „; 

Opacity-related  proteins,  also 

heat-modifiable  proteins 

Pilin 

piltl .  pilE2 

Class  1  pilin 

Pilin 

pilLI.  pilE2 

pilE — expressed  locus  for  pilin 

Class  11  pilin 

structural  gene 

pits 

pilS 

pilS — silent  (nonexpressed) 

locus  for  pilin  structural  gene 

Anaerobically  induced 

,Ani 

ani 

Anaerobically  induced  proteins 

proteins 

Oxygen-induced 

Oxi 

o.\i 

Oxygen-induced  proteins 

proteins 

H.8  antigen  (H8) 

^4/ 

Lip 

lip 

Lipoprotein 

.^zurin 

Laz 

la:. 

Lipid-associated  azurin 

Iron-binding  protein 

4- 

Fbp 

fbp 

37-kDa  iron-binding  protein 

Iron-regulated  protein 

* 

Frp 

frp 

Iron-regulated  protein 

Heat  shock  protein 

Hsp 

hsp 

Heat  (or  stressl-induceu 

proteins 

Lipopolysaccharide/ 

LPS 

Ips 

Lipopolysaccharide  (macro- 

lipooligosaccharide 

molecular  complex  of  lipid  A 
and  covalently  bound  sugars) 

Iron  uptake  deficient 

+ 

Fud 

fad 

Iron  uptake  deficient 

- 

- 

Meningococcal 

Cps 

rps 

Meningococcal  capsule 

capsule 

biosynthesis  genes 

Transferrin  receptor 

- 

Trd 

trd 

Transferrin  receptor  deficient 

"  Parlicipants  in  ihc  Nomcntkiliirc  Workshop.  Sixth  International  Conference  oi.  I’athogenic  Neisseriae  were  as  follows:  Michael  A.  Apicella.  Department  of 
Medicine  and  Microbiology.  State  University  of  New  York.  Buffalo.  NY  14JI5:  Janne  fi.  Cannon.  Department  of  Microhiidogy  and  Immunology.  U  niversity  of 
North  C  arohna  School  of  Medicine  Chapel  Hill.  NC  27599;  Virginia  Clark.  Department  of  Microbiology  and  Immunology.  School  of  Medicine  and  Dentistrv. 
Universitv  of  Rochester.  Ki»chesrcr.  NY  14624:  Carl  f-rasch.  Center  for  Drugs  and  Biologies.  Belhcsda.  MD  20892:  Emil  C.  Gotschllch.  Department  of 
Microbuili>gy.  Rockefeller  University.  New  York.  NY  1(H)21:  John  Hcckcls.  Department  of  Microbiology.  Southampton  University  Medical  Sch(Hvl. 
Southampton  S09  4XY.  Hampshire.  England:  Penny  J,  Hitchcock.  Department  of  Microbiology  and  Immunology.  University  of  Tennessee.  Memphis.  TN 
Harry  Jennings.  Doision  of  BioU^gical  Sciences.  National  Research  Council.  Ottawa.  C  anada  KIA  OR6.  Zell  McCicc.  Department  of  Medicine.  L  niversitv  (d 
Utah  School  of  Medicine.  Suit  Lake  City.  UT  84132;  Stephen  A.  Morse.  Sexually  Transmitted  Diseases  Laboratory  Program  Center  for  Infectious  Diseases. 
Centers  for  Disease  Control.  Atlanta.  GA  .30.133:  Jan  Poolman.  Labt>rator\  of  Medical  Microbiology.  University  of  Amsterdam.  1105  AZ  Amsterdam.  The 
Netherlands;  P.  Fred  Sparling.  Department  of  Microbiology  and  Immunology.  University  of  Nv>rth  Carolina  School  of  Medicine.  Chapel  Hill.  NC  27599;  John 
Swanson.  Laboratory  of  Microbial  Structure  and  Function.  National  Institute  of  Allergy  and  Infectious  Diseases.  RiK'ky  Mountain  I.aboratories.  Hamilton.  MT 
^9X40.  and  Wendell  Zollinger.  Department  of  Bacterial  Diseases.  Walter  Rccd  Army  Institute  of  Research,  Washington.  DC  20307, 

V  vnnorrhnrtw .  Por  and  por  .  ,V.  in(‘nini>iin/is ,  Por.A  and  ptirA. 

V  nxvninMifulis.  PorB  and  pi>rH. 

''  .An  analogous  product  has  been  identihed  in  .V.  rnt  ninuitUIis. 
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differing  from  the  gene  by  the  use  of  a  capital  letter  tOmpA, 
gene  product)  compared  v\ith  lower-case  italics  for  the  gene 
s>mhol  ioini>A.  gene). 

Table  1  includes  the  old  and  new  symbols  for  the  genes  of 
.V.  utinon  luH  Uc  and  A',  mcniniiidiiis.  Most  of  these  symbols 
are  self-explanatory,  vxith  four  exceptions.  First,  the  major 
outer  membrane  proteins  (porins)  have  been  designated  Por. 
In  gonococci,  the  tvto  types  of  protein  I  (PIA  and  PIB) 
appear  to  be  gene  products  of  two  alleles  of  the  gene  por.  in 
meningococci,  tvto  genes  are  expressed  simultaneously.  One 
gene  product  is  a  class  1  protein,  now  Por.A.  and  the  other  is 
either  class  2  or  class  now  PorB.  Second,  the  opacity- 
related  proteins.  Opa.  will  require  a  strain  designation  to 
clarify  a  gene  designation.  For  instance,  opal  will  occur  in 
strains  JS.''.  MSll.  and  F.AM1090;  each  gene  is  distinct  and 
will  be  identified  as  opal^^x.  opal^^^w  amici-«i-  c't-- 

Third,  the  genetics  of  the  meningococcal  class  I  and  class  II 
piiin  proteins  are  undefined,  and  the  current  designations  of 
pilE  and  pilS  may  be  inadequate  in  meningococci.  Finally, 
the  designation  of  LPS  instead  of  LOS  reflects  the  consensus 
reached  by  the  participants  in  the  workshop.  It  was  agreed 
that  the  genetic  symbol  //).v  would  be  used  and  that  an 


author's  preference  for  LPS  or  LOS  as  a  gene  product 
designation  would  be  accepted. 

The  nomenclature  described  will  be  incorporated  into  the 
genetic  linkage  map  of  N.  fionorrhocae  and  into  a  detailed 
review  of  the  genetic  loci  and  linkage  associations  of  A'. 
fiononhocac  and  N.  incniiif^iiidis  (3).  Furthermore,  it  is  the 
hope  of  this  committee  to  establish  a  policy  of  review  at  each 
Pathogenic  Neisseriae  Conference  to  maintain  a  unified 
nomenclature  that  complies  with  the  guidelines  of  Demerec 
et  al.  (1). 
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Structure  and  Function  of  Pili  of  Pathogenic  Neisseria  Species 
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PILI  AND  THEIR  ASSOCIATION  WITH  VIRULENCE 

Pili  are  hairlike  filamentous  appendages  which  extend 
several  micrometers  from  the  haeterial  surface  and  have  long 
had  an  important  role  in  the  pathogenesis  of  gonococcal 
infections.  Pioneering  studies  b>  Kellogg  et  al.  demonstrated 
that  a  loss  of  virulence  was  observed  w  hen  gonococci  were 
subjected  to  repeated  laboratory  subculture  and  that  this 
change  was  associated  with  a  change  in  colony  morphology 
of  the  bacteria  when  grown  on  solid  media  (21).  Four 
characteristicalh  different  colonial  forms,  designated  types 
Tl.  'f2,  T.l.  and  T4,  could  be  observed;  primary  isolates 
produced  predominantly  small,  domed,  highlighted  colonies 
I  fl  and  12).  whereas  the  laboratory  subculture  resulted  in 
an  increasing  proportion  of  large,  flat  colonial  forms  (T.f  and 
14).  Each  type  could,  however,  be  stably  maintained  by 
careful  colony  selection  during  subculture,  and  T1-T2  colo¬ 
nial  forms  retained  their  virulence  for  human  volunteers  (20). 
Subsequent  electron-microscopic  studies  revealed  that  the 
11-12  colonial  forms  produced  pili,  whereas  the  T.J-T4 
colonial  forms  did  not  (.‘>4).  This  association  between  pilia- 
tion  and  virulence  prompted  a  considerable  body  of  work  on 
the  structure,  function,  immunochemistry.  and  genetics  of 
gonococcal  pili  and.  subsequently,  related  studies  of  menin¬ 
gococci. 


PILLS  STRUCTURE 
Subunit  Structure 

Pili  can  be  obtained  from  gonococci  by  utilizing  their 
ability  to  fo'-m  crystalline  aggregates  under  appropriate  ionic 
conditions,  Repeated  cycles  of  disaggregation  followed  by 
crystallization  can  produce  pilus  preparations  of  high  purity 
(2).  Sodium  dodecyl  sulfate-polyacrylamide  gel  electropho¬ 
resis  analysis  of  such  preparations  from  bo'h  gonococci  and 
meningococci  revealed  the  presence  of  a  predominant  poly¬ 
peptide,  pilin.  with  a  molecular  weight  which  varied  between 
strains  in  the  range  17.(MM)  to  22. (KK)  (2,  38).  This  led  to  the 
concept  that  pili  were  entirely  composed  of  a  repeating  array 
of  identical  pilin  subunits.  Improved  resolution  on  sodium 
dodecyl  sulfate-polyacrylamide  gel  electrophoresis  has  re¬ 
vealed  that  pilus  preparations  may  contain  two  closely 
moving  bands  representing  heterogeneity  of  the  pilin  protein 
(34,  J.  E,  Heckels  and  P.  R,  Lambden.  unpublished  obser¬ 
vations).  Even  greater  heterogeneity  can  be  observed  when 
pihn  preparations  are  subjected  to  isoelectric  focusing  (22). 
It  is  unclear  whether  such  heterogeneity  is  due  to  minor 
modifications  such  as  deaminatton  of  glutamine  and  aspara¬ 
gine  residues  or  truly  represents  the  presence  of  distinct  pilin 
molecules.  Recently,  it  i.as  also  been  suggested  that  pilus 
picparations  may  contain  minor  amounts  of  accessory  pro¬ 
teins  which  could  play  an  important  functional  role  (31) 
similar  to  the  t(p-loca(ed  pilus  proteins  of  uropathogcnic 
l-.\(  hcrichia  ( oli  (2f>). 

fhc  primary  sequence  of  pilin  molecules  from  gonococcal 


strains  RIO  and  MSll  were  first  determined  by  Schoolnik  et 
al.  (42).  who  found  by  using  protein  sequencing  that  pilin 
molecules  contain  approximately  160  amino  acid  residues 
with  methionine  at  positions  7  and  92  and  a  single  disulfide 
loop  occurring  between  residues  140  and  1.31.  Cleavage  at 
the  methionine  residues  produced  three  peptides,  CNBr-1 
(comprising  the  first  7  residues  from  the  N  terminus).  CNBr- 
2  (residues  8  to  92).  and  CNBr-3  (residues  93  to  1.39).  By 
comparing  the  sequences  of  the  fragments  from  each  strain, 
the  authois  suggested  that  the  CNBr-2  region  was  conserved 
between  strains,  whereas  the  carboxy-terminal  CNBr-3 
showed  significant  differences,  which  were  responsible  for 
antigenic  differences  between  strains  (39).  This  model  has 
subsequently  been  refined  by  sequence  analysis  of  cloned 
pilin  genes  from  both  inter-  and  intrastrain  pilus  variants  (see 
below). 


Meningococcal  Pilins 

Pili  isolated  from  meningococci  by  the  disaggregation 
methods  outlined  above  have  been  found  to  have  a  similar 
morphology  and  composition  to  those  of  gonococcal  pili  with 
subunit  M,  in  the  range  17.000  to  21.000  (33,  49).  Amino  acid 
sequencing  revealed  significant  N-terminal  homology  with 
gonococcal  pili  through  to  residue  30  (17.  33).  and  antibodies 
raised  against  the  CNBr-2  peptide  of  gonococci  cross-react 
with  the  meningococcal  pili  (49).  suggesting  considerable 
similarities  between  the  two  species. 

In  a  subsequent  study,  two  monoclonal  antibodies  (SMI 
and  SM2)  which  recognize  conserved  epitopes  in  all  gono¬ 
coccal  pili  so  far  examined  (69)  were  used  to  detect  piliation 
in  meningococcal  isolates.  A  large  proportion  failed  to  react 
with  both  antibodies  but  were  nevertheless  shown  by  elec¬ 
tron  microscopy  to  be  piliated  (9).  These  strains  also  failed  to 
react  on  Western  immunoblots  with  polyclonal  antisera 
raised  against  gonococcal  pili,  but  did  react  with  the  same 
sera  on  immune  precipitation  under  nondenaturing  condi¬ 
tions.  to  reveal  pilins  with  .4/^  in  the  range  13,(M)0  to  16,000. 
Recent  studies  with  synthetic  peptides  have  located  the 
epitopes  recognized  by  antibodies  SMI  and  SM2  to  separate 
epitopes  located  in  CNBr-2  and  CNBr-3,  respectively.  Thus, 
meningococci  express  one  of  two  quite  distinct  classes  of 
pili;  class  1  pili  closely  resemble  gonococcal  pili,  whereas 
class  2  pili  are  composed  of  smaller  pilins  which  lack 
epitopes  in  both  the  CNBr-2  and  CNBr-3  regions  but  do 
contain  conformational  determinants  which  are  shared  with 
class  1  and  gonococcal  pili.  The  genes  encoding  expression 
of  the  class  1  pili  have  been  cloned  and  sequenced,  con¬ 
firming  the  similarity  with  gonococcal  pili  (.33a).  but  the 
detailed  structure  of  the  class  2  pili  is  not  yet  known. 
Clearly,  the  distinct  structural  ditferences  between  the  two 
types  of  meningococcal  pili  may  have  important  implications 
for  their  role  in  pathogenesis. 

(Quaternary  Structure 

The  way  in  which  pilin  monomers  fold  and  assemble  to 
form  the  quaternary  structure  of  the  actual  pilus  is  not  yet 
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known.  One  model  based  on  a  combination  of  methods  of 
secondary  structure  prediction  and  protein  homoh'gy  has 
suggested  that  pilin  contains  four  antiparallel  u-helices  sim¬ 
ilar  to  tobacco  mosaic  virus  coat  protein  (7).  Preliminary 
X-ray-crystallographic  analysis  of  pilus  crystals  appears  to 
confirm  the  model  and  should  ultimately  provide  information 
on  how  the  pilin  subunits  assemble  into  the  mature  pilus 
structure  (.^4).  Such  information  should  provide  valuable 
information  in  identifying  those  functionally  important  do¬ 
mains  of  the  pilus  which  interact  with  the  host. 

ROLE  OF  PILI  IN  PATHOGENESIS 

Adhesion  to  Mucosal  Surfaces 

The  ability  of  gonococci  to  attach  to  the  mucosal  surfaces 
of  the  genital  tract  and  to  multiply  there  despite  the  flow  of 
mucus  and  other  body  fluids  is  the  essential  first  stage  in  the 
pathogenesis  of  gonorrhea.  Subsequent  events  include  up¬ 
take  by  nonciliated  columnar  epithelial  cells  and  intracellular 
multiplication,  followed  by  invasion  of  subepithelial  connec¬ 
tive  tissues  (74).  Following  the  observation  that  virulent 
colonial  forms  of  gonococci  differed  from  avirulent  forms  in 
their  possession  of  pili.  many  studies  have  demonstrated  that 
pili  facilitate  adhesion  to  a  wide  range  of  different  cell  types. 
Thus.  Pil  ■  gonococci  show  an  advantage  over  PiT  variants 
in  their  attachment  to  tissue  culture  cells  (50).  vaginal 
epithelial  cells  (27).  fallopian  tube  epithelium  (74),  and 
buccal  epithelial  cells  (.56). 

These  studies  led  to  the  view  that  the  role  of  gonococcal 
pili  in  virulence  was  associated  with  their  ability  to  promote 
adherence  to  the  mucosal  surfaces  of  the  genital  tract,  a  view 
which  was  strengthened  by  the  observation  that  isolated  pili 
readily  attached  to  epithelial  cells  (4),  Results  of  experiments 
in  which  gonococci  were  chemically  modified  to  alter  their 
surface  charge  suggest  that  pili  participate  in  the  first  stage  of 
a  two-stage  attachment  process  (16).  Initially,  pili  are  able  to 
overcome  the  electrostatic  barrier  which  exists  between  the 
negatively  charged  surfaces  of  the  gonococcus  and  the  host 
cell.  This  increases  the  probability  of  a  closer  approach, 
leading  to  a  stable  adhesion  which  involves  other  compo¬ 
nents  of  the  gonococcal  surface,  including  outer  membrane 
protein  PlI  (23),  and  may  occur  even  when  the  bacterial  cell 
is  nonpiliated.  The  precise  mechanism  by  which  pili  are  able 
to  overcome  the  electrostatic  barrier  is  unclear:  one  possi¬ 
bility  is  that  because  of  their  small  surface  area,  pili  are  less 
sensitive  to  the  electrostatic  repulsive  forces  than  the  sur¬ 
face  of  the  bacterium  is. 

Fresh  isolates  of  meningococci  are  also  invariably  piliated. 
but  the  role  of  pili  in  pathogenesis  has  been  less  extensively 
studied  than  that  of  gonococcal  pili.  and  consideration  of 
their  interaction  with  host  cells  is  complicated  by  the  addi¬ 
tional  presence  of  a  hydrophilic  capsule  on  the  surface  of  the 
bacteria.  Nevertheless,  pili  do  mediate  adhesion  of  menin¬ 
gococci  to  nasopharyngeal  cells  and  may  therefore  be  im¬ 
portant  factors  in  establishing  the  carrier  state  (48).  Isolates 
cultured  from  the  blood  and  cerebrospinal  fluid  of  patients 
with  meningococcal  disease  are  also  piliated  (9.  48,  49).  and 
pili  have  been  directly  demonstrated  in  the  cerebrospinal 
fluid  of  a  child  with  meningococcal  meningitis  (47).  Whether 
pili  play  any  role  in  the  ability  of  meningococci  to  transgress 
the  blood-brain  barrier  or  interact  with  meningeal  tissues 
remains  unclear. 

Nature  of  the  Pilus-Host  Cell  Interaction 

Host  cell  receptors.  Despite  the  established  role  of  pili  in 
adhesion  to  epithelial  cells,  the  molecular  basis  of  this 


interaction  remains  unclear,  although  considerable  speci¬ 
ficity  is  seen  in  in  vitro  experiments  with  respect  to  both 
anatomical  location  and  the  species  from  which  the  tissue  is 
isolated.  Thus,  piliated  gonococci  adhere  to  isolated  fallo¬ 
pian  tubes  from  humans  and  higher  primates  but  not  to 
equivalent  tissues  from  other  animals  (18).  Purified  gonococ¬ 
cal  pili  attach  at  a  much  higher  density  to  cervical-vaginal 
and  buccal  epithelial  cells  than  to  erythrocytes,  leukocytes, 
or  fibroblasts  (35).  Similarly,  piliated  meningococci  attach  in 
much  greater  numbers  to  human  nasopharyngeal  and  buccal 
epithelial  cells  than  they  do  to  anterior  nasal  cells  (48). 

Although  the  specificity  of  attachment  with  regard  to  both 
species  and  cell  type  tends  to  suggest  recognition  by  pili  of 
specific  ligands  on  the  epithelial  cell  surface,  only  limited 
evidence  is  available  about  the  nature  of  such  an  epithelial 
cell  receptor.  Buchanan  et  al.,  using  purified  pili.  reported 
that  adhesion  was  inhibited  by  the  addition  of  a  number  of 
diflerent  purified  gangliosides  or  by  pretreatment  of  buccal 
epithelial  cells  with  exoglycosidases  (5).  They  suggested  that 
the  human  cell  receptor  was  likely  to  resemble  a  ganglioside 
in  structure.  A  similar  conclusion  was  reached  in  studies 
with  oligosaccharide-deficient  clones  of  Chinese  hamster 
ovary  cells  (14).  In  contrast.  Trust  et  al.  (66)  reported  that 
gangliosides  had  little  effect  on  the  adhesion  of  Pil '  gono¬ 
cocci  to  buccal  epithelial  cells.  However,  pretreatment  of 
the  buccal  cells  either  with  sodium  periodate  or  with  a 
mixture  of  neuraminidase  and  glycosidase  did  reduce  the 
attachment  of  Pil*  gonococci  to  the  level  seen  with  a  Pir 
variant.  Thus,  the  consensus  of  opinion  implicates  carbohy¬ 
drate  moieties  present  on  the  surface  of  epithelial  cells  as 
potential  gonococcal  pilus  receptors,  but  their  precise  iden¬ 
tity  remains  far  from  clear. 

PHus  receptor-binding  domain.  The  nature  of  the  region(s) 
on  the  pilin  molecule  involved  in  recognition  of  host  cells  is 
also  far  from  clear.  Gubish  et  al.  reported  that  the  CNBr-2 
fragment,  obtained  from  pilin  treated  with  cyanogen  bro¬ 
mide.  bound  to  Chinese  hamster  ovary  cells  in  similar 
amount  to  intact  pili,  whereas  the  carboxy-terminal  CNBr-3 
did  not  attach  (14).  Adhesion  was  reduced  by  periodate  or 
galactosidase  treatment,  suggesting  that  sugars  present  on 
the  pilin  were  required  for  optimal  attachment  (14).  School- 
nik  et  al..  using  erythrocytes,  also  reported  that  CNBr-2 
(residues  8  to  84)  had  adhesive  properties  (43).  In  subsequent 
studies  they  reported  that  a  tryptic  fragment  encompassing 
residues  3 1  to  1 1 1  bound  to  human  endocervical  cells  but  not 
to  buccal  epithelial  cells  or  HeLa  cells  and  postulated  that 
this  region  encompassed  the  receptor-binding  domain  (42). 

Since  the  studies  described  above  and  in  the  previous 
section  were  carried  out  with  different  strains  and  different 
cell  types,  it  is  perhaps  not  surprising  that  the  nature  of  the 
pilus-host  cell  interaction  has  not  been  unambiguously  de¬ 
fined.  Additional  complexity  in  interpretation  occurs  be¬ 
cause  the  majority  of  the  studies  were  carried  out  before  the 
extent  of  potential  structural  and  antigenic  variation  of  pili 
was  appreciated.  Such  variations  may  have  an  important 
influence  on  the  interaction  of  pili  with  a  variety  of  different 
cell  types  (see  below). 

Other  Possible  Pilus  Functions 

Interaction  with  PMN.  The  interaction  of  Neisseria  species 
with  polymorphonuclear  leukocytes  (PMN)  has  important 
consequences  for  the  potential  outcome  of  an  infection. 
Several  early  studies  showed  that  Pil '  gonococci  were  more 
resistant  to  phagocytosis  than  were  the  equivalent  Pil 
variants  (8.  10,  12.  58).  suggesting  an  important  additional 
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role  of  pill  in  virulence.  Swanson  et  al.,  however,  suggested 
that  pili  had  only  a  minor  role  in  gonococcus-PMN  interac¬ 
tions  and  that  an  additional  outer  membrane  component 
termed  leukocyte  association  factor  dominated  the  interac¬ 
tion  (56.  57).  Subsequently,  leukocyte  association  factor  was 
recognized  to  have  the  biochemical  properties  characteristic 
of  outer  membrane  protein  PlI  (53).  and  it  was  demonstrated 
that  Pir  PII"  variants  showed  considerably  less  interaction 
with  PMN  than  did  their  PiT  PII  *  equivalents  (24.  37). 

Since  the  original  studies  were  carried  out  before  knowl¬ 
edge  of  Pll  variation  was  available,  the  association  between 
piliation  and  resistance  to  phagocytosis  was  in  some  doubt, 
since  changes  in  PII  expression  may  have  accompanied 
those  in  pilus  expression.  We  therefore  used  a  panel  of 
variants  of  strain  P9  with  defined  differences  in  pilus  and/or 
PII  expression  in  a  chemiluminescence  assay  to  determine 
initial  interactions  and  in  a  phagocytic  killing  assay  to 
determine  the  ultimate  fate  of  the  gonococci  (72).  In  this 
study,  leukocyte  interaction  was  synonymous  with  posses¬ 
sion  of  PII.  When  pairs  of  variants  expressing  the  same  PII 
but  either  Pil*  or  PiT  were  compared,  the  chemilumines¬ 
cence  response  was  determined  in  each  case  by  the  partic¬ 
ular  molecular  species  of  PII  present,  with  pili  having  a 
negligible  effect.  Moreover,  pili  did  not  inhibit  either  uptake 
or  intracellular  killing,  confirming  the  predominant  role  of 
PII  in  PMN  interactions  and  suggesting  that  pili  have  little 
effect  in  resistance  to  phagocytosis  by  PMN. 

Transformation.  Gonococci  are  naturally  competent  for 
transformation  throughout  their  growth  cycle,  with  piliated 
cells  being  transformed  at  much  higher  frequencies  than 
nonpiliated  cells  (45),  although  the  mechanism  by  which  pili 
enhance  transformation  is  not  known.  Recently  it  was  sug¬ 
gested  that  since  gonococci  readily  unde  'go  autolysis,  they 
are  therefore  constantly  exposed  to  their  own  deoxyribonu¬ 
cleic  acid,  leading  to  transformation  events  which  may  play 
a  critical  role  in  antigenic  variation  in  pilus  expression  (44). 

VARIATION  IN  PILUS  EXPRESSION 
Phase  Variation 

The  original  observations  which  led  to  the  identification  of 
pili  on  gonococci  are  the  result  of  expression  being  subject  to 
phase  variation  (2).  so  that  although  pili  are  lost  on  repeated 
subculture,  Pil  cells  may  revert  to  the  Pil*  phase.  Genetic 
analysis  of  phase  variation  has  revealed  complex  mecha¬ 
nisms  of  piliation  control,  with  two  classes  of  Pil  variants 
(52).  Members  of  one  group  arc  unable  to  revert  to  pilus 
production,  whereas  members  of  the  other  group  revert  at 
high  frequency.  The  possible  role  of  the  Pil  phase  in 
infection  is  unclear,  but  it  appears  likely  that  the  reduced 
attachment  associated  'dth  loss  of  piliation  may  allow  the 
gonococci  to  leave  the  site  of  initial  colonization  and  gain 
access  to  other  locations.  Similar  considerations  also  apply 
to  the  spread  of  meningococci  from  the  nasopharynx  into  the 
blood  and  cerebrospinal  fluid.  It  has  also  been  suggested  that 
a  nonadherent  interim  state  could  enhance  gonococcal  trans¬ 
mission.  with  reversion  to  the  Pil*  phase  allowing  subse¬ 
quent  adhesion  to  the  mucosal  surfaces  of  the  infected 
individual  (52). 

Antigenic  Variation 

Considerations  of  the  role  of  pili  in  pathogenesis  are 
dominated  by  their  extreme  structural  and  antigenic  diver¬ 
sity.  Early  studies  revealed  that  gonococcal  pili  are  immu¬ 


nogenic  for  laboratory  animals  (3)  and  that  patients  with 
gonorrhea  develop  anti-pilus  antibodies  (6).  Despite  their 
apparent  considerable  structural  homology,  based  on  amino 
acid  analysis  and  peptide  mapping,  pili  from  different  strains 
were  found  to  be  antigenically  distinct.  Antisera  to  purified 
pili  rai.sed  in  rabbits  showed  only  limited  cross-reactivity 
with  pili  from  other  strains,  the  amount  of  shared  antigenic¬ 
ity  between  pili  from  heterologous  strains  usually  being  less 
than  109f  (2). 

Even  greater  antigenic  diversity  is  generated  by  the  fact 
that  pili  produced  by  a  single  strain  undergo  antigenic 
variation.  Lambden  et  ai.  (25)  purified  pili  from  colonial 
opacity  variants  of  strain  P9  and  found  that  pili  from  the 
transparent  type  had  pilin  with  a  subunit  molecular  weight  of 
19,500  (Q-pili),  whereas  those  from  an  opaque  type  had  a 
molecular  weight  of  20,500  (^-pili).  Another  study  with  a 
nupiberof  strains  showed  that  pilin  usually,  although  not 
always,  varied  between  pairs  of  opacity  variants  (41).  These 
observations  suggested  that  alterations  in  subunit  might 
be  linked  to  opacity  and  hence  Pll  expression.  However, 
further  studies  with  strain  P9  revealed  two  further  pilus 
types  (y  and  8)  and  showed  that  their  expression  was  not 
linked  to  PII  expression  (22).  This  conclusion  was  confirmed 
by  a  study  of  other  strains,  which  showed  that  a  single  strain 
could  produce  at  least  a  dozen  different  pilus  types  (51). 
Antisera  raised  against  variant  pili  produced  by  a  single 
strain  display  only  limited  antigenic  cross-reactivity  (68). 
Recent  studies  of  the  genetic  mechanisms  of  pilus  variation 
show  that  the  potential  repertoire  of  pili  expressed  by  a 
single  strain  may  be  even  greater  than  indicated  above  (30). 


Antigenic  Shift  during  Gonococcal  Infection 

The  possible  occurrence  of  antigenic  variation  during 
natural  infection  was  less  easily  established  because  of  the 
ethical  need  for  prompt  antibiotic  therapy,  but  was  con¬ 
firmed  by  comparing  isolates  taken  from  different  sites  in 
sexual  partners.  Gonococci  were  cultured  from  the  urethras 
of  male  patients  and  from  the  urethras  and  cervices  of  their 
female  partners,  and  surface  antigen  preparations  were 
examined  by  sodium  dodecyl  sulfate-polyacrylamide  gel 
electrophoresis  (11).  Within  each  group  of  patients,  the 
auxotype  and  the  serotype  of  the  outer  membrane  protein  PI 
were  identical,  confirming  their  clonal  derivation,  but  con¬ 
siderable  variations  were  seen  in  expression  of  both  pili  and 
outer  membrane  protein  PII.  For  example,  one  strain  ex¬ 
pressed  pili  of  17.500  in  the  urethra  of  a  male,  18,500  plus 
19,000  in  the  urethra  of  a  female  partner,  17.000  in  her 
cervix,  and  18.300  in  the  cervix  of  a  second  female  contact 
(75).  Indeed,  the  M,  of  pili  differed  between  the  isolates  from 
the  cervices  and  urethras  of  all  female  patients  examined, 
suggesting  that  antigenic  shift  occurs  commonly  during  the 
course  of  gonococcal  infection.  This  view  was  confirmed  by 
observations  of  isolates  obtained  during  an  outbreak  caused 
by  a  penicillin-resistant  gonococcus  strain  (46).  In  subse¬ 
quent  studies,  human  volunteers  were  subjected  to  urethral 
challenge  and  the  pilins  of  the  gonococci  isolated  during  the 
resulting  infection  were  analyzed  (55).  All  reisolates  were 
found  to  express  pili  which  were  structurally  and  antigeni¬ 
cally  distinct  from  those  expressed  by  the  input  gonococci. 
The  occurrence  of  extensive  variation  in  each  of  the  reported 
studies  suggests  that  antigenic  shift  in  pilus  expression 
occurs  commonly  during  the  course  of  the  natural  infection 
and  must  play  an  important  role  in  pathogenesis  of  gonococ¬ 
cal  disease. 
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Antigenic  Shift  during  Meningococcal  Infection 

Laboratory  investigation  of  possible  meningococcal  anti¬ 
genic  variation  is  hampered  by  the  fact  that  the  changes  in 
colony  morphology  which  led  to  the  discovery  of  antigenic 
variation  in  gonococci  are  not  readily  observed  with  menin¬ 
gococci.  Nevertheless,  variations  in  pilus  were  detected 
following  nonselective  laboratory  subculture  of  one  strain 
(.^3).  The  occurrence  of  antigenic  shift  during  meningococcal 
infection  has  been  investigated  by  comparison  of  paired 
isolates  obtained  from  the  blood,  cerebrospinal  fluid,  and 
nasopharynges  of  patients  (59).  Isolates  from  any  individual 
produced  identical  deoxyribonucleic  acid  fingerprints  and 
showed  stability  in  expression  of  the  class  2/3  and  H.8 
antigens,  confirming  their  origin  as  a  single  strain.  Variation 
in  pilus  expression  was  detected  not  only  in  strains  express¬ 
ing  pili  which  contained  the  conserved  gonococcal  epitope 
recognized  by  monoclonal  antibody  SMI,  but  also  in  a  strain 
which  expressed  non-SMl-reacting  pili.  Subsequent  studies 
have  revealed  extensive  variation  in  the  M,  of  SMI -reactive 
pilins  produced  by  strains  isolated  from  symptomatic  and 
asymptomatic  infected  individuals  during  an  epidemic  of 
serogroup  A  meningitis,  confirming  the  likely  widespread 
occurrence  of  antigenic  shift  (1).  Since  meningococci  pro¬ 
duce  one  of  two  distinct  classes  of  pili.  both  of  which  can 
undergo  antigenic  shift  during  infection,  their  antigenic  rep¬ 
ertoire  appears  to  be  equal  to  or  even  greater  than  that  of 
gonococci. 

Role  of  Antigenic  Shift  in  Pathogenesi.s 

Genetic  studies  (30)  show  that  pathogenic  Neissciiti  spe¬ 
cies  have  evolved  with  a  significant  proportion  of  their 
genome  devoted  to  complex  genetic  mechanisms  designed  to 
ensure  a  continual  change  in  the  antigenic  nature  of  the  pili 
which  they  express.  This,  combined  with  the  widespread 
occurrence  of  antigenic  shift  during  natural  infection,  sug¬ 
gests  that  it  must  confer  significant  surviv;  1  advantages  on 
the  bacteria,  presumably  allowing  adaptation  to  a  changing 
external  environment.  Clearly,  one  potential  benefit  would 
be  expected  to  occur  in  interactions  with  the  host  immune 
system.  Many  studies  have  shown  the  potential  protective 
effect  of  antibodies  directed  against  gonococcal  pili  (see 
below  ).  Thus,  the  ability  to  switch  to  expression  of  antigen- 
ically  distinct  pili  would  allow  the  gonococci  to  evade  the 
effect  of  antibodies  directed  against  the  original  colonizing 
variants.  The  effect  would  also  be  enhanced  by  a  concomi¬ 
tant  switch  in  the  nature  of  the  Pll  expressed  (75).  Although 
the  role  of  anti-pilus  antibodies  in  meningococcal  disease  is 
unclear,  similar  considerations  may  also  apply  and  could,  for 
example,  explain  the  persistence  of  nasopharyngeal  carriage 
despite  the  presence  of  the  host  immune  response  (13). 

An  additional  potential  effect  of  antigenic  variation  may 
influence  the  ability  of  both  gonococci  and  meningococci  to 
colonize  host  cells.  Purified  a-  and  p-pili  from  gonococcal 
strain  P9  show  striking  differences  in  their  ability  to  adhere 
to  buccal  epithelial  cells,  with  a-pili  showing  a  much  greater 
affinity  (25).  This  advantage  was  lost  when  the  buccal  cells 
were  treated  with  glycosidases,  and  it  was  suggested  that  the 
(«-pili  recognize  an  oligosaccharide  present  on  the  surface  of 
buccal  cells  but  that  3-pili  do  not  (66).  In  contrast,  when  the 
piliated  variants  were  compared  for  their  ability  to  attach  to 
and  invade  Chang  conjunctival  cells  growing  in  tissue  cul¬ 
ture,  the  p-piliated  variant  showed  much  greater  adhesion 
and  hence  virulence  than  did  the  «-piliated  variant  (68).  The 
altered  specificity  for  difl'erent  cell  types  in  vitro  suggests 


that  in  vivo  variation  might  endow  the  gonococci  with  the 
ability  to  colonize  a  variety  of  cell  types  found  at  different 
anatomical  locations.  Similar  factors  may  well  operate  dur¬ 
ing  meningococcal  infection.  Differences  between  the  abili¬ 
ties  of  different  strains  to  adhere  to  bucal  epithelial  cells  and 
erythrocytes  have  been  associated  with  differences  in  the 
mechanism  of  attachment  of  the  pili  which  they  express  (65). 
The  ability  to  interact  specifically  with  different  cell  types 
may  well  be  important  in  the  pathogenesis  of  meningococcal 
disease,  since  the  varied  symptoms  of  infection  result  from  a 
complex  and  poorly  understood  series  of  interactions  be¬ 
tween  the  bacteria  and  a  variety  of  host  cells. 

STRUCTURAL  AND  IMMUNOCHEMICAL  BASIS  OF 
ANTIGENIC  VARIATION 

Considerable  information  has  now  accumulated  from  se¬ 
quencing  pilus  structural  genes  from  variants  of  a  number  of 
different  strains  expressing  a  variety  of  distinct  pili.  Variants 
have  been  isolated  by  colony  selection  (15.  32)  and  following 
natural  infection  (15)  and  experimental  infection  of  both 
animals  (32)  and  human  volunteers  (55).  A  clear  model  of  the 
structural  basis  of  pilus  variation  has  emerged  (Fig.  1).  Pilins 
can  be  considered  to  contain  three  major  regions,  a  region 
encompassing  approximately  the  first  53  amino  acids,  which 
is  highly  conserved  between  pilins.  a  semivariable  region 
(residues  ca.  54  to  114).  and  a  hypervariable  region  at  the 
carboxy  terminus.  Structural  variations  in  the  semivariable 
region  arise  from  amino  acid  substitutions,  but  in  the  hyper¬ 
variable  region  insertions  and  deletions  of  up  to  four  amino 
acids  occur.  Within  the  hypervariable  region,  two  conserved 
sequences  occur  centered  around  the  two  cysteine  residues 
(residues  ca.  121  and  154)  which  form  the  disulfide  bridge 
and  loop:  this  may  result  from  conservation  of  sequences  at 
the  deoxyribonucleic  acid  level  that  are  involved  in  the 
genetic  mechanisms  of  pilus  variation  (30).  Sequence  analy¬ 
sis  of  the  cloned  gene  for  expression  of  the  SMI-reactive 
class  of  pilin  from  one  meningococcal  strain  also  conforms  to 
this  model  (35a). 

Thus,  despite  distinct  antigenic  specificity,  variant  pilins 
show  a  considerable  degree  of  structural  homology.  Com¬ 
parison  of  published  variant  pilin  sequences  from  gonococ¬ 
cal  strains  MSll  (29)  and  P9  (32)  and  the  SMI-reactive  pilin 
from  meningococcal  strain  C311  (35a)  shows  that  they  have 
approximately  80%  of  their  amino  acid  residues  in  common. 
Variation  in  approximately  20%  of  the  pilin  must  generate 
the  extensive  antigenic  diversity  seen,  with  conserved  re¬ 
gions  apparently  being  immunorecessive.  In  one  series  of 
studies,  synthetic  peptides  were  synthesized  corresponding 
to  a  series  of  regions  of  one  MSll  pilin.  Immunization  with 
intact  pili  was  found  to  produce  antibodies  directed  predom¬ 
inantly  against  peptides  equivalent  to  residues  121  to  134  and 
135  to  151,  corresponding  to  the  hypervariable  region  within 
the  disulfide  loop  (39).  Low  levels  of  antibodies  were  di¬ 
rected  against  a  weakly  immunogenic  determinant  between 
residues  48  and  60.  The  authors  suggested  that  pili  had 
evolved  so  that  the  most  immunogenic  domain,  the  disulfide 
loop,  was  located  on  the  surface  of  the  pilin  molecule  and 
that  amino  acid  substitutions  could  occur  in  this  region, 
altering  antigenic  specificity  without  disrupting  regions  crit¬ 
ical  for  pilus  function. 

The  immunochemistry  of  intrastrain  antigenic  variation 
has  been  investigated  by  using  monoclonal  antibodies  raised 
against  variant  pili  of  strain  P9  (69.  73).  The  immunodomi- 
nance  of  type-specific  epitopes  was  confirmed  in  that  from 
over  200  antibodies  screened,  only  1  monoclonal  antibody 
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FIG.  1.  .Schematic  diagram  ot  the  pilin  molecule  produced  by  gonococci  and  many  strains  of  meningococci,  showing  conserved  (r  1). 
semivariable  (^3).  and  hypervariable  I^BI  regions.  The  normal  immune  response  is  directed  primarily  against  epitopes  in  th. 
hypervariable  region  (^1.  although  low  levels  of  antibodies  (Ab.)  arc  directed  against  conserved  determinants  (C>).  Epitopes  recognized  by 
particular  monoclonal  antibodies  are  denoted  ( - 1.  and  with  their  potential  protective  effect  is  given. 


(SMI)  was  obtained  which  reacted  equally  well  with  all 
gonococci  tested,  whereas  a  second  (SM2)  reacted  with  all  of 
them,  but  to  varianle  e.xtents.  The  type-specific  antibodies 
showed  limited  and  variable  reactivity  with  other  strains. 
Four  antibodies  that  all  reacted  with  a-pili  were  tested 
against  the  pili  expressed  by  eight  variants  From  three  groups 
of  clinically  related  isolates.  Only  one  isolate  reacted,  and 
then  with  a  rmgle  antibody,  suggesting  that  the  antigenic 
specificity  of  a  pilus  is  due  to  a  particular  combination  of 
different  epitopes,  some  of  which  may  be  independently 
shared  with  individual  variants  of  other  strains. 

Comparison  of  the  predicted  amino  acid  sequence  of 
cloned  pilin  genes  with  the  immunological  reactivity  of  the 
encoded  pilins  has  allowed  the  amino  acid  sequence  to  be 
correlated  with  monoclonal  antibody  reactivity  (32).  The 
epitopes  for  three  type-specific  antibodies  were  found  to 
depend  on  the  presence  of  specific  sequences  in  discrete 
regions  within  the  disulfide  loop,  between  residues  127  and 
140.  Each  putative  epitope  was  located  in  a  hydrophilic 
domain  with  high  (3-turn  probability.  Reactivity  with  one 
type-specific  antibody,  however,  was  associated  with  the 
presence  of  three  well-separated  sequences  (residues  .“ib  to 
63,  69  to  71.  and  92  to  95).  Each  of  the  three  domains  had 
high  (3-turn  potential,  suggesting  that  the  epitope  was  formed 
on  the  surface  of  the  pilin  molecule  from  the  combination  of 
three  discontinuous  regions  all  occurring  within  the  semi- 
variable  region  (Fig.  1). 

The  localization  of  each  of  the  putative  type-specific 
epitopes  in  hydrophilic  domains  with  high  turn  potential 
would  be  in  accord  with  their  exposure  and  hence  their 
immunogenicity.  In  contrast,  the  weakly  immunogenic  con¬ 
served  epitopes  recognized  by  antibodies  SMI  and  SM2. 
which  have  been  identified  bv  using  synthetic  peptides  (J.  E. 
Heckelsand  .M.  Virji,  unpublished  observations)  (Fig.  D.are 
located  between  residues  49  and  53  and  residues  1 18  and  127. 
respectively,  in  regions  of  moderate  hydrophilicity  but  low 
turn  potential, 

PROSPECTS  FOR  A  PILES  VACCINE 

Biological  Role  of  .\nti-Pilus  Antibodies 

The  association  of  pill  with  virulence  has  prompted  many 
studies  to  determine  the  potential  of  pili  for  vaccination 


against  gonorrhea.  Antisera  raised  in  laboratory  animals  by 
immunization  with  purified  or  partially  purified  pili  have 
been  shown  to  have  a  protective  effect  in  a  variety  of 
biological  systems.  Anti-piltis  antisera  reduce  the  adhesion 
of  both  piliated  gonococci  (60)  and  purified  pili  (35)  to  human 
buccal  epithelial  cells.  Antibodies  to  pili  opsonize  pili  for 
phagocytosis  by  PMN  (36)  and  macrophages  (19)  and  protect 
tissue  culture  cells  from  the  cytotoxic  effect  of  challenge 
with  gonococci  (67).  Anti-pilus  monoclonal  antibodies  also 
inhibit  adhesion,  opsonize,  and  protect  against  infection  (70. 
71).  and  immunization  with  pili  can  also  protect  guinea  pigs 
against  infection  following  gonococcal  challenge  of  subcuta¬ 
neously  implanted  plastic  chambers  (24).  However,  in  many 
of  the  above  studies,  the  test  and  immunizing  strains  were 
identical,  and  little  or  no  protection  was  observed  with 
heterologous  strains. 

Anti-pilus  antibodies  can  be  detected  in  genital  secretions 
from  patients  with  gonorrhea,  and  such  antibodies  inhibit  the 
attachment  of  the  infecting  strain  to  buccal  epithelial  cells 
(61.  63).  Human  volunteers  immunized  with  pili  produce 
detectable  anti-pilus  antibodies  in  both  serum  and  genital 
secretions;  these  antibodies  are  also  able  to  inhibit  epithelial 
cell  attachment  (28.  64).  Challenge  of  immunized  volunteers 
with  the  homologous  strain  has  shown  statistically  signifi¬ 
cant  protection,  as  revealed  by  the  size  of  the  dose  required 
to  produce  subsequent  infection  (2).  These  studies  also 
suggested  that  the  human  immune  response  to  pili  might  be 
less  type  specific  than  that  seen  in  laboratory  animals  and  so 
provide  useful  protection  against  infection.  However,  in 
large-scale  field  trial  with  male  volunteers,  no  difference  in 
protective  effect  was  seen  between  the  vaccine  and  placebo 
groups  (62).  Vaccinated  volunteers  developed  gonorrhea 
despite  high  levels  of  serum  antibody  directed  against  their 
infecting  strain.  Thus,  it  seems  likely  that  the  levels  of 
antibody  present  in  genital  secretions  either  were  insufficient 
or  perhaps  reffect  an  immune  response  directed  against  a 
conserved  but  nonprotectivc  epitope  (see  below). 

The  Problem  of  Antigenic  Shift 

One  possible  strategy  to  overcome  the  problems  posed  by 
(he  antigenic  variability  of  pili  is  to  design  vaccination 
regimens  to  boost  the  immune  response  to  conserved  rather 
than  type-specific  epitopes.  The  protective  effect  of  anti- 
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pilus  antibodies  diiected  against  different  pilus  epitopes  has 
been  investigated  by  using  a  panel  of  monoclonal  antibodies 
raised  against  pili  from  strain  F^.  The  binding  of  '■‘^I-labeled 
variant  pili  to  buccal  epithelial  cells  was  inhibited  by  the 
appropriate  type-specific  antibodies  but  not  by  the  cross¬ 
reacting  antibodies  SMI  and  SM2  (70),  and  the  virulence  of 
variants  expressing  different  pili  was  also  inhibited  by  the 
type-specific  but  not  by  the  cross-reacting  antibodies.  Simi¬ 
larly.  the  type-specific  antibodies  promoted  opsonization 
and  killing  by  PMN.  but  ihe  two  cross-reacting  antibodies 
had  little  effect  (71).  The  cross-reacting  antibody  SMI  and 
one  of  the  type-specific  antibodies  had  the  same  isotype  and 
bound  to  native  pili  in  similar  numbers  and  w'ith  similar 
avidity,  demon^tr  iting  that  the  difference  in  biological  activ¬ 
ity  was  directly  related  to  the  nature  of  the  epitope  recog¬ 
nized.  .Antibody  SMI  recognizes  an  amino  acid  sequence 
within  the  weakly  immunogenic  region  encompassed  by 
amino  acid  residues  48  to  60  (see  above).  Thus,  it  appears 
that  even  the  low  levels  of  cross-reacting  antibodies  which 
are  seen  on  immunization  with  intact  pili  are  directed  against 
nonprotective  antigenic  determinants. 

An  alternative  strategy  to  immunization  with  intact  pili  has 
been  suggested  by  Rothbard  et  al..  who  reported  that  anti¬ 
bodies  raised  against  the  conserved  CNBr-2  fragment  pro¬ 
duced  antibodies  which  were  more  cross-reactive  than  those 
raised  against  intact  pili  and  reacted  with  a  peptide  corre¬ 
sponding  to  residues  69  to  84  rather  than  48  to  60  (.19). 
Synthetic  peptides  corresponding  to  one  variant  pilus  of 
strain  MSll  were  conjugated  to  carrier  proteins  and  used  to 
produce  specific  anti-peptide  antibodies.  The  antibodies 
were  tested  for  their  ability  to  inhibit  the  adhesion  to  a 
human  endometrial  carcinoma  cell  line  of  a  variant  of  the 
heterologous  strain  F62.  Antibodies  directed  against  resi¬ 
dues  48  to  .10  and  69  to  84  showed  significant  inhibition  of 
attachment  when  used  at  high  concentration,  whereas  anti¬ 
bodies  directed  against  residues  48  to  60  were  without  effect 
(40).  The  authors  suggested  that  synthetic  peptides  could  be 
used  to  direct  the  immune  response  to  normally  nonimmu- 
nogenic  epitopes,  and  since  they  could  elicit  cross-reacting, 
receptor-blocking  antibodies,  the  peptides  were  promising 
candidate  immunogens  for  the  prevention  of  gonorrhea.  The 
studies,  however,  showed  a  protective  effect  with  a  single 
heterologous  strain  and  did  not  explore  the  possible  conse¬ 
quences  of  antigenic  variation  within  a  strain.  In  subsequent 
experimental  infections  of  human  volunteers,  Swanson  ct  al. 
have  demonstrated  that  significant  antigenic  variations  in 
strain  MSll  variants  can  occur  at  residues  69  to  84  and  that 
these  destroy  the  epitope  recognized  by  a  monoclonal  anti¬ 
body  that  inhibits  epithelial-cell  adhesion  (.1.1).  They  sug¬ 
gested  that  these  data  indicate  that  a  peptide  of  residues  69  to 
84  would  not  be  effective  as  a  gonorrhea  vaccine.  Compar¬ 
ative  analysis  of  published  sequences  (1.1,  .12.  .1.1)  does, 
however,  suggest  that  a  central  portion  of  the  peptide, 
residues  73  to  78.  may  be  more  highly  conserved;  unfortu¬ 
nately.  it  is  not  known  whether  antibodies  directed  against 
this  region  would  have  any  inhibitory  effect. 

CONCLUSIONS 

Pili  appear  to  play  an  important  role  in  (he  pathogenesis  of 
gonococcal  infections,  and  presumably  also  meningococcal 
infections,  through  their  ability  to  promote  adhesion  to 
epithelial-cell  surfaces.  Although  the  molecular  basis  of  the 
pilus-host  cell  interaction  remains  to  be  fully  defined,  the 
attraction  of  inducing  anti-pilus  antibodies  to  prevent  initial 
colonization  of  mucosal  surfaces  remains.  However,  the 


potential  use  of  pili  for  vaccination  against  AV/.v.venn  infec¬ 
tions  has  been  frustrated  by  their  antigenic  heterogeneity, 
since  they  have  evolved  so  that  the  main  immune  response  is 
directed  against  variable  determinants  and  even  the  low 
levels  of  cross-reacting  ant. bodies  produced  are  directed 
against  nonprotective  epitopes.  It  remains  to  be  seen 
whether  alternative  strategies  involving  selected  fragments 
of  the  pilin  molecule  will  enable  the  stimulation  of  an 
effective  immune  response  which  would  protect  against  the 
almost  limitless  numbc'  of  distinct  antigenic  types  that 
appear  possible. 
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The  quest  for  a  vaccine  against  Neisseria  ponorrhoeae  has 
been  long,  arduous,  and,  to  date,  unsuccessful.  Indeed, 
some  e.xperts,  citing  the  recurrent  nature  of  gonococcal 
infections  in  some  people,  have  believed  the  task  to  be 
impossible  (2). 

However,  there  has  been  at  least  one  human  challenge 
study  that  has  demonstrated  protection  against  the  homolo¬ 
gous  infecting  organism  after  immunization  with  purified 
gonococcal  pili  (4).  Furthermore,  N.  ponorrhoeae  is  quite 
antigenic  for  humans,  local  and  systemic  immune  responses 
have  been  demonstrated  against  virtually  every  gonococcal 
antigen  studied,  and  relative  resistance  to  infection  has  been 
correlated  with  a  history  of  previous  infections  (22). 


PATHOGENESIS 

.An  understanding  of  the  basis  for  a  vaccine  requires  a 
w  orking  knowledge  of  the  pathogenesis  of  the  infection.  The 
pathogenesis  of  a  gonococcal  infection  can  be  broken  down 
into  five  stages;  (i)  distant  attachment,  mediated  by  pili  and 
perhaps  pilus-associated  proteins;  (ii)  close  attachment,  me¬ 
diated  primarily  by  cell  wall  protein  antigens  and  perhaps 
lipooligosaccharides  (LOS);  (iii)  ingestion  by  mucus  secre¬ 
tory  cells,  which  is  mediated  at  least  in  part  by  protein  1;  (iv) 
transportation  through  the  cell  body  in  phagosomes,  a  host 
cell  function;  and  (v)  egestion  through  the  basement  mem¬ 
brane  (although  the  proof  for  this  last  step  is  not  absolute). 

,A  variety  of  diffe'‘c.;t  immunological  tests  have  repeatedly 
demonstrated  the  following;  (i)  a  human  antibody  response  is 
invoked  by  a  gonococcal  infection;  (ii)  the  magnitude,  anti¬ 
body  isotype,  and  antibody  specificity  of  the  response  are 
unpredictable  but  tend  to  be  more  pronounced  in  women; 
(iii I  there  is  a  significant  amount  of  cross-reactivity  with 
antibody  induced  by  other  organisms;  and.  .most  impor¬ 
tantly.  (iv)  to  date,  no  correlation  of  the  type  or  level  of 
antibody  has  been  made  with  protection.  Local  antibody, 
which  functions  primarily  by  blocking  attachment  of  gono¬ 
cocci  to  eucaryotic  cells,  is  present  but  at  a  reduced  level 
(50). 


ANIMAL  MODEL  AND  IN  VITRO  CORRELATES  WITH 
IMMUNITY 

fhere  is  no  animal  model  that  correlates  with  the  human 
infection.  Thus,  meaningful  infection  can  be  carried  out  only 
in  the  natural  host,  the  human. 

Without  a  relevant  animal  model,  an  in  vitro  correlate  of 
immunity  could  serve  as  a  guide  (e.g.,  serum  bactericidal 
antibodies  served  as  the  relevant  in  vitro  correlate  for  the 
development  of  the  successful  meningococcal  vaccine).  Un¬ 
fortunately.  an  in  vitro  correlate  of  human  immunity  has  not 
yet  been  found,  fhus.  experimental  studies  in  human  volun¬ 
teers  and  field  trials  must  be  relied  upon  if  we  are  to  fully 
understand  the  pathogenesis  of  gonococcal  infections  and  to 
test  the  utility  of  vaccine  candidates. 


HUMAN  VACCINE  CHALLENGE  STUDIES  AND 
TRIALS 

A  number  of  vaccines  have  been  studied  in  the  past.  In 
this  brief  review,  however,  only  the  most  recent  vaccine 
preparations  will  be  discussed. 

On  the  basis  of  (i)  the  demonstration  that  piliated  gono¬ 
cocci  are  the  most  pathogenic  for  humans  (17,  18).  (ii)  the 
successful  human  challenge  study  with  a  gonococcal  pilus 
vaccine  derived  from  the  challenge  organism  (4),  (iii)  the 
demonstration  of  a  consistent  immune  response  following 
immunization  (.SI),  including  the  production  of  local  anti¬ 
body  (24),  and  (iv)  the  suggestion  that  the  pilus  vaccine 
preparation  might  be  broadly  cross-reactive  (51),  a  large 
gonococcal  pilus  vaccine  trial  involving  3.250  volunteers  was 
undertaken  in  1983.  No  overall  protection  was  detected, 
although  a  significant  proportion  of  the  volunteers  developed 
an  antibody  response  (49).  Therefore,  a  gonococcal  pilus 
vaccine  made  up  of  the  entire  pilus  derived  by  mechanical 
shearing  and  then  purified  by  physico  chemical  means  is 
unlikely  as  a  potential  vaccine  candidate. 

A  protein  I  vaccine  challenge  study  has  also  been  con¬ 
ducted  (E.  W.  Hook  III.  personal  communication).  The 
vaccine  derived  by  difi'erenlial  centrifugation  of  disrupted 
gonococci  was  more  than  859f  pure  for  protein  1.  It  was  well 
tolerated,  a  significant  antibody  response  was  elicited,  but  it 
afforded  no  protection  against  an  intraurethral  challenge  in 
men  with  the  homologous  organism. 

Protection  of  volunteers  after  vaccination  with  Formalin- 
killed  whole  piliated  organisms  has  also  proved  unsuccess¬ 
ful.  All  of  the  above  vaccines  were  given  parenterally. 

POTENTIAL  VACCINE  CANDIDATES 
Pili 

Since  the  human  challenge  experiments  of  Kellogg  et  al. 
(17.  18).  Brinton  et  al.  (4),  and  Boslego  et  al.  (J.  Boslego,  J. 
Ciak,  P.  Hitchcock.  J.  Swanson.  E.  C.  Tramont.  J.  SadoflF, 
and  J.  Koomey.  unpublished  data)  indicate  a  primary  role  for 
pili  in  the  pathogenesis  of  gonorrhea,  this  review  will  discuss 
gonococcal  pili  in  greater  detail.  Pili  are  extracellular  hairlike 
structures  that  either  radiate  from  or  encase  the  gonococcal 
organisms  (43.  47).  Pili  may  allow  the  organism  to  attach  to 
epithelial  cells  or  may  be  antiphagocytic  (6,  46.  48.  57). 
However,  data  for  the  latter  are  controversial  (30),  Pili  are 
composed  of  identical  pilin  subunits  with  molecular  weights 
of  15.000  to  22,000  (4.  33,  37).  Pilins  may  contain  receptor¬ 
binding  domains  (35.  38).  although  putative  pilus-associated 
proteins  may  also  have  functional  properties  (19.  28.  41). 
Uropathogenic  Escheridda  coli  cells  have  pili  that  are 
composed  of  pilin  and  pilus-associated  proteins,  one  of 
which  is  the  adhesin  responsible  for  the  attachment  of  the 
inganisms  to  the  urogenital  tract  (21).  By  analogy,  one  or 
more  of  the  gonococcal  pilus-associated  proteins  may  also 
be  important  in  the  pathogenesis  of  gonococcal  disease. 
Thus,  the  pilus-associated  proteins  may  '  e  future  vaccine 
candidates. 
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Filiation  is  a  variable  state  associated  with  an  intact 
expression  site  in  the  gonococcal  genome  (13,  26.  42,  44). 
Phase  variation  from  pilialion  to  nonpilialion  may  involve  a 
deletion  event  at  the  expression  site  (1,3)  or  give  conversion, 
resulting  in  the  expression  of  a  missense  pilin  which  cannot 
assemble  (39.  42,  44).  In  addition,  the  changes  in  sequence  at 
the  expression  site  can  result  in  the  change  of  one  pilin 
serotype  to  another  (13,  26.  44).  The  pilin  molecule  is  about 
160  amino  acids  long  The  first  .^'3  amino-terminal  amino 
acids  ;  re  conserved  (39),  However,  the  rest  of  the  molecule 
is  marked  by  variability  (13),  Extreme  variability  occurs 
between  two  cysteines  at  positions  121  and  l.sl  of  the 
molecule.  In  addition  to  nucleotide  changes  which  may 
result  in  amino  acid  substitutions,  there  may  he  deletions  or 
insertions  of  enough  deoxyribonucleic  acid  in  the  genome  to 
delete  or  add  several  amino  acids.  The  serological  spe..iricii> 
of  the  response  to  pilus  immunization  in  laboratory  animals 
appears  to  be  type  specific  (3.3,  37.  38).  It  also  appears  that  in 
humans,  type-specific  antibody  is  protective  (4).  Because  of 
this  extreme  variability,  pilin  immunization  may  not  be 
feasible.  The  lack  of  protection  in  a  field  trial  with  a  single 
pilus  vaccine  is  consistent  with  this  concept. 

I'here  do  appear  to  be  other,  shorter  sequences  through¬ 
out  the  molecule  which  are  frequently  conserved  (13.  .3.3). 
.Monoclonal  and  pohclonal  anti-peptide  antibodies  to  sev¬ 
eral  areas  in  the  molecule  appear  to  be  cross-reactive  (3.3.  38. 
.3,3).  and  relatively  less  variability  between  positions  7  and  92 
of  the  molecule  has  been  most  consistently  found.  This  part 
of  the  molecule  also  appears  to  be  immunorecessive  in 
laboratory  animals.  Peptides  made  from  this  amino  acid 
sequence  (residues  69  to  84  and  41  to  .30)  generate  cross- 
reactive  anti-pilus  antibody  that  blocks  the  attachment  of 
gonococci  to  human  cervical  cell  culture  lines  (3.3.  37.  38).  It 
is  noteworthy  that  in  the  human  field  trial  of  the  pilus 
vaccine,  cross-reactive  antibody  arose  as  a  secondary  or 
anamnestic  response,  indicating  the  preexistence  of  anti- 
pilus  antibody.  By  Western  immunoblot  analysis,  this  anti¬ 
body  appeared  to  be  directed  to  epitopes  located  in  all  areas 
of  pilin  (unpublished  data).  Other  studies  have  shown  the 
preexistence  of  antibody  to  several  outer  membrane  antigens 
and  have  proposed  that  meningococcal  or  other  bacterial 
carriage  may  be  responsible  for  these  antibodies  (1,3). 

Pilus-associated  proteins  have  been  reported  by  several 
investigators  (19,  28.  41).  One  study  found  that  there  were  at 
least  26  different  proteins  produced  by  a  piliated  organism 
that  were  not  present  in  its  nonpiliated  counterpart  <19). 
Another  study  found  that  antibody  generated  to  pili  purified 
by  deoxycholate-urea  buffer  resulted  in  recognition  of  not 
only  pili  but  also  five  other  proteins  that  were  present  in 
piliated  organisms  but  not  in  nonpiliated  organisms  (28). 
Based  on  binding  of  both  piliated  and  nonpiliated  gonococci 
to  glycolipids.  it  is  postulated  that  a  protein  present  on  both 
cell  phenotypes  binds  to  several  glycolipids  found  in  human 
cervical  cell  lines  (lactosylceramide  and  gangliotriaosylcera- 
mide)  (41).  The  degree  of  variability  ofthese  proteins  has  not 
yet  been  fully  ascertained,  although  (hey  are  unlikely  to  be 
as  variable  as  the  pilin  molecule,  since  they  are  present  in 
small  quantities  and  may  generate  little  if  any  immune 
response  in  a  natural  infection.  The  immunologic  pressure 
for  them  to  vary  would  therefore  be  small.  Thus,  these 
proteins  may  be  excellent  future  vaccine  candidates. 

Protein  I 

Protein  I  is  the  major  outer  membr;ine  protein  of  ,V. 
uiinorriiiK'dc .  It  is  a  porin  and  (hcrefore  is  responsible  lor  the 


entry  of  small  molecules  through  the  gonococcal  outer 
membrane  (.3).  Although  there  is  interstrain  variation,  there 
is  no  intrastrain  variation.  There  are  two  structurally  dif¬ 
ferent  proteins  I,  lA  and  IB,  and  each  has  several  serotypes 
(3).  Release  of  protein  I  into  the  pericellular  area  may  result 
in  the  endocytosis  of  gonococci  by  the  host  cell  (3).  Anti¬ 
bodies  to  protein  1  are  bactericidal,  and  the  protein  1  type 
may  be  associated  with  serum  resistance  (16.  .32,  54).  The 
nature  of  this  association  is  discussed  more  completely 
elsewhere  in  this  issue  (31). 

Recurrent  salpingitis  was  not  associated  with  isolates 
processing  the  same  protein  1  serotype  as  the  isolate  from 
the  initial  episode  of  salpingitis  (zero  of  nine  patients).  On 
the  other  hand,  cervicitis  occurring  after  an  episode  of 
salpingitis  was  associated  w'ith  strains  possessing  the  same 
protein  I  serotype  in  5  of  10  patients.  The  implication  is  that 
the  immune  response  to  protein  I  during  salpingitis  may 
result  in  protein  I  serotype-specific  protection  against  recur¬ 
rent  gonococcal  salpingitis  (5). 

Protein  1  is  largely  embedded  in  the  gonococcal  mem¬ 
brane.  Some  areas  are  exposed,  as  determined  by  enzymatic 
digests  of  the  outer  membrane  and  genetic  experiments 
involving  the  construction  of  hybrid  porins  (3.  7.  36.  45). 
Because  of  the  sma'I  number  of  serotypes  and  the  lack  of 
intrastrain  variation,  protein  I  has  been  considered  a  vaccine 
candidate.  However,  a  recent  study  has  shown  that  not  all 
organisms  in  a  population  of  gonococci  may  have  the  protein 
1  epitope(s)  exposed  on  their  surface  (34).  As  mentioned 
above,  a  human  vaccine  trial  with  protein  1  did  not  protect 
against  an  intraurethral  challenge  with  the  homologous 
strain.  This  obviously  does  not  rule  out  the  possibilitv'  of 
protection  against  salpingitis. 

Protein  II 

Protein  II  is  a  heat-modifiable  protein  responsible  for  the 
opacity  of  colonies  grow  n  on  agar  (3).  It  has  been  implicated 
in  the  adhesion  of  the  organisms  to  epithelial  cells,  as  well  as 
adhesion  between  gonococci  (3.  20).  Progeny  of  a  single 
gonococcus  can  produce  several  protein  II  types  (39).  Pro¬ 
tein  II  vaccines  would  be  restricted  by  the  great  variability  of 
the  antigen. 

Protein  III 

Protein  III  has  been  found  in  all  gonococcal  strains.  It 
appears  not  to  be  variable.  Monoclonal  antibodies  to  some 
epitopes  appear  to  be  bactericidal  (55).  However,  recent 
studies  have  indicated  that  IgG  present  in  normal  human 
serum,  which  blocks  bactericidal  activity,  is  directed  to 
protein  III  (32).  Thus,  protein  III  must  he  viewed  with 
caution  as  a  potential  vaccine  candidate.  Perhaps  protein  III 
epitopi. .  (e.g..  peptides)  that  do  not  raise  bactericidal  block¬ 
ing  antibodies  may  prove  elfective  as  vaccines. 

LOS 

LOS.  like  many  of  the  other  antigens  of  gonococci,  has 
been  found  to  have  gre;it  variability  (12'  Anti-LOS  antibody 
is  bacteii  Tdal  (1.  11.  12.  23.  56).  LOS  may  be  responsible  for 
the  destruction  of  the  host  mucosa  b>  iicting  ;is  ;i  toxin  on  the 
mucosal  epithclitil  cells  (11).  .Additionally.  LOS  determi¬ 
nants  share  homologs  with  some  blood  group  antigens  (23). 
T  he  homologous  determinants  may  engender  tolerance  to 
the  common  epitopes  of  LOS  or  ma\  serve  as  receptor¬ 
binding  sites  for  the  gonoc<>cci.  .A  \accine  containing  LOS 
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should  he  considered,  but.  like  many  of  the  other  outer 
membrane  antigens,  this  endeavor  will  be  hindered  by  the 
variability  of  the  antigen. 

M^jor  Iron-Regulated  Protein 

The  major  iron-regulated  protein  is  a  .17.000-molecular- 
weight  protein  that  enables  gonococci  to  utilize  iron  (I.S,  27). 
Following  disseminated  gonococcal  disease,  there  is  an 
.mtibody  response  to  the  major  iron-regulated  protein  (10). 
Occasionally,  there  is  a  response  following  uncomplicated 
local  infections  (10).  Since  this  protein  may  be  responsible 
for  the  survival  of  the  organism  in  humans,  antibody  directed 
to  it  may  be  protective.  This  protein  is  discussed  in  more 
detail  elsewhere  in  this  issue  (9). 

H.8  Antigen 

H.8  is  a  common  antigen  found  in  the  outer  membrane  of 
pathogenic  Neisseria  species.  It  is  unusual  in  that  it  is 
proline  and  alanine  rich  and  appears  to  be  very  hydrophobic 
(4()i.  Following  local  infection,  antibody  to  FI. 8  develops  in 
some  individuals  (15).  Like  protein  I.  FI. 8  may  not  be  equally 
exposed  on  all  organisms  of  a  population  of  gonococci,  since 
electron  micrographs  show  variability  in  the  binding  of 
gold-labeled  anti-H.8  antibody  (15).  H.8  is  discussed  in  more 
detail  elsewhere  in  this  issue  (7). 

Capsule 

A  gonococcal  capsule  associated  with  resistance  to  phago¬ 
cytosis  has  been  described  but  never  isolated  (14).  There¬ 
fore.  it  is  an  unlikely  vaccine  candidate. 

IgA  Protease 

Gonococci  elaborate  an  IgA  protease  which  cleaves  IgA 
immunoglobulin,  but  its  role  in  infection  has  not  been  clearly 
defined  (29). 

CONCLUSIONS 

Despite  much  effort  and  many  advances  in  molecular 
biology,  a  vaccine  for  N.  gonorrheoea  remains  an  elusive 
goal.  The  challenge  is  made  greater  by  the  lack  of  an  animal 
model  and  the  fact  that  an  effective  immune  response  has 
never  been  demonstrated.  Filiation  is  an  absolute  require¬ 
ment  for  urethral  infection  in  men.  A  pilus  vaccine  protected 
men  in  a  challenge  study  involving  the  use  of  a  carefully 
selected  clone  representing  the  homologous  strain  from 
which  the  vaccine  was  made  but  failed  to  protect  in  a  field 
trial.  Nevertheless,  gonococcal  pili  or  pilus-related  proteins 
remain  attractive  vaccine  candidates.  Protein  I.  protein  II, 
protein  III,  the  major  iron-regulated  protein,  H.8,  and  LOS 
are  also  potential  candidates.  Indeed,  one  or  more  of  these 
cell  membrane  antigens  may  be  relatively  more  important  in 
protecting  against  salpingitis,  the  complication  of  gonorrhea 
that  results  in  the  highest  morbidity  rate.  Testing  this  hy¬ 
pothesis  would  be  very  difficult.  Finally,  it  may  be  time  to 
consider  a  different  strategy,  local  vaginal  immunization. 
Protecting  one-half  of  the  partnership  in  a  sexually  transmit¬ 
ted  disease  will  protect  the  other! 
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i\’eisseria  ponorrhoeae  appears  to  be  a  genetically  isolated 
species.  There  are  no  known  bacteriophages  capable  of 
infecting  this  organism,  and  although  most  gonococcal 
strains  carry  plasmids,  the  variety  of  those  plasmids  is 
amazingly  small.  Only  two  plasmid  species  might  be  de¬ 
scribed  as  native  to  the  gonococcus  (1).  The  only  other 
deoxyribonucleic  acid  (DNA)  molecules  that  have  ever  been 
shown  to  enter  this  species  are  the  penicillinase-producing 
plasmids  (which  probably  originated  in  a  Haemophilus  spe¬ 
cies)  (1),  and  the  tetM  determinant  (which  probably  entered 
via  Mycoplasma  or  Ureaplasma  species)  (10). 

Despite  this  rigid  barrier  against  the  entry  of  foreign  DNA. 
gonococci  are  highly  competent  for  transformation  (1).  and  it 
has  been  suggested  that  transformation  may  be  the  genetic 
system  that  results  in  the  antigenic  variation  of  several 
gonococcal  surface  components  (9.  12).  Thus,  gonococci 
appear  to  have  evolved  a  system  that  rigidly  excludes  foreign 
DNA.  hut  still  allows  the  free  exchange  of  genetic  informa¬ 
tion  within  the  species.  Exclusion  of  foreign  DNA  could  be 
achieved  by  an  efficient  restriction  barrier.  Restriction  bar¬ 
riers  result  from  the  production  of  restriction  endonucleases 
which  bind  to.  and  cleave,  a  specific  DNA  sequence  (17). 
Most  restriction  endonucleases  will  cleave  unmodified  DNA 
sequences  only,  and  a  cell  that  is  producing  a  restriction 
enzyme  will  protect  its  own  DNA  from  degradation  by 
simultaneously  producing  a  modification  enzyme  that  binds 
to.  and  methylates,  the  DNA  sequence  recognized  by  the 
restriction  enzyme  (11). 

Any  variation,  within  the  species,  in  these  restriction 
modification  systems  might  be  expected  to  limit  genetic 
exchange  during  mixed  infections  and  perhaps  some  of  the 
sequence  diversity  generated  during  antigenic  variation  (9). 
One  such  barrier  to  intraspecies  genetic  exchange  has  been 
directly  demonstrated  and  seems  to  act  specifically  on  DNA 
transferred  by  transformation,  rather  than  conjugation  (19, 
20).  This  reflects  the  nature  of  the  incoming  DNA  during 
these  two  genetic  exchange  processes.  DNA  is  single 
stranded  as  it  enters  the  recipient  cell  during  conjugation  and 
is  therefore  resistant  to  the  action  of  most  restriction  en¬ 
zymes.  On  the  other  hand.  DNA  fragments  are  taken  up  as 
double-stranded  molecules  during  transformation  of  the 
gonococcus  (1). 

The  true  extent  to  which  such  barriers  limit  genetic 
exchange  within  this  species  was  unknown,  and  the  result 
has  been  an  increased  interest  in  characterizing  both  the 
number  and  the  distribution  of  the  gonococcal  restriction 
modification  systems. 

Rt VISION  OF  NOMENCLATURE 

Recently,  an  agreement  was  reached  among  the  various 
laboratories  involved  in  isolating  restriction  enzymes  and 
methyliises  from  ^teisseria  ftonorrhoeae  to  revise  the  names 
of  (he  gonococcal  enzymes  so  that  the  nomenclature  system 
properly  reflects  that  used  for  all  other  bacterial  species  (17). 


Restriction  Endonucleases 

The  revised  names  for  the  previously  characterized  gono¬ 
coccal  restriction  enzymes  that  had  been  misnamed  are 
shown  in  Table  1.  The  new  names  contain  a  reference  to  the 
particular  strain  from  which  a  restriction  enzyme  was  iso¬ 
lated.  An  enzyme  activity  denoted  R./VgoX  (4-,  M.  K.  Duff. 
M.Sc.  thesis.  Monash  University.  Clayton.  Australia.  1986). 
has  since  been  shown  to  consist  of  a  mixture  of  two 
restriction  enzymes,  isoschizomers  of  R.HaeU  and  R.Hphl 
(4a). 

Methylases 

Korch  ct  al..  in  an  analysis  of  the  DNA  sequence  of  the 
gonococcal  cryptic  plasmid  pJDl  from  strain  82409/55.  were 
able  to  obtain  evidence  that  specific  bases  were  methylated 
(5-7).  The  presence  of  these  bases  in  palindromic  sequences 
was  used  to  suggest  the  presence  of  seven  different  type  II 
methylases  (6).  A  single  incidence  of  a  methylated  base  in  a 
nonpalindromic  sequence  was  suggested  to  be  the  result  of 
the  action  of  a  type  III  methylase  (7).  Each  of  these  putative 
methylases  was  given  a  specific  name  (6.  7):  this  has  raised 
several  nomenclature  problems.  No  methylases  have  actu¬ 
ally  been  characterized  in  this  strain,  and  cases  of  single 
methylase  enzymes  with  multiple  sequence  specificities  have 
been  reported  (24).  Again,  no  reference  to  the  particular 
strain  was  made  in  the  methylase  names.  The  revised 
nomenclature  (Table  2)  has  given  names  to  the  methylated 
DNA  sequences:  for  example,  the  sequence  methylated  by 
the  putative  methylase  M.NgoI  has  been  named  S.A/gol, 
where  the  S  designates  a  methylase  specificity,  thus  avoiding 
the  issue  of  whether  the  enzyme  that  methylates  this  partic¬ 
ular  sequence  can  also  methylate  other  sequences.  The 
names  for  the  putative  methylases  in  strain  82409/55  have 
been  discarded,  and  as  gonococcal  methylases  (from  this  or 
any  other  strain)  are  characterized,  they  will  be  given  names 
that  indicate  the  strains  from  which  they  were  isolated, 

RESTRICTION  ENZYMES 

A  number  of  restriction  enzymes  have  been  partially 
purified  from  N.  ponorrhoeae  and  are  listed  in  Table  3.  Thus 
far.  five  different  specificities  have  been  identified,  including 
a  methylation-dependent  endonuclease  (4,  4a;  Duff.  M..Sc. 
thesis).  All  of  the  restriction  enzymes  so  far  identified  are 
is(>scnizomers  of  characterized  enzymes  from  other  species 
(17). 

METHYLASES 

When  DNA  is  directly  extracted  from  a  particular  gono¬ 
coccal  strain,  it  is  commonly  resistant  to  cleavage  by  a 
variety  of  restriction  endonucleases  (4,  5,  13-15,  20,  22.  23. 
25).  Such  cleavage  resistance  is  undoubtedly  the  result  of 
mcthylation  of  restriction  enzyme  recognition  sites,  but  it  is 
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TABI.F  1.  Revised  nomenclature  lor  gonococcal  restriction  enzymes 


IYcn  ions 

name 

Recognition  sequence 

Isochi/omer 

Strain 

Revised  name 

Refercncets) 

R..\  Vf'l 

PuGCCiCPv 

R.//u<'ll 

•},i 

R.-VgoWl 

17 

R.Vc.ll 

GCiCC 

R.//r«lll 

CDC66 

R.A'.cCl 

2. 

R..VC.-I11 

CCCiCGG 

R..S<;<  11 

KH77f)4-45 

R.N.k'oKl 

U.  14 

JKDIW 

R.A'goJI 

4;  Duff.  M.Sc.  thesis 

JKD211 

R.yV.C'oDl 

4;  Duff.  M.Sc.  thesis 

R.Vc.lX 

G"''ATC'' 

R. /)/)«! 

JKD211 

R.A,i,>,)Dlll 

4.  4a;  Duff.  M.Sc.  thesis 

R..Ve,iX 

PuGCGCPv  -  GGTGA 

R.//(/('Il  -r  R.Hpht 

JKD1()9 

R.A.foJll  +  R..Ve<.Jlll 

4.  4a;  Duff.  M.Sc.  thesis 

JKD211 

R.A'goDll  -r  R.N.coDlV 

4.  4a;  Duff.  M.Sc.  thesis 

'  Producing  strain  unknow  n- 
"  ladcninc. 


not  possible  to  use  such  data  to  directly  infer  that  a  panicttlar 
strain  is  producing  a  methylase  with  the  same  specificity  as 
the  restriction  enzyme  used  in  the  assay.  The  sequence 
recognized  by  the  methylase  may  merely  be  contained 
within,  or  overlap,  the  recognition  site  for  the  restriction 
enzyme.  For  example.  DNA  from  most  gonococcal  strains  is 
resistant  to  cleavage  by  the  restriction  enzyme  i\'o/l.  which 
recognizes  the  sequence  5’-GCGGCCGC-.V  (17;  J.  K.  Dav¬ 
ies.  unpublished  data).  Such  cleavage  resistance  is  almost 
certainly  due  to  the  presence  of  a  methylase  that  recognizes 
part  of  the  .Vo/I  sequence,  i.e.,  -‘''-GGCC-3'  (see  below). 
Only  when  a  particular  strain  has  been  demonstrated  to 
produce  an  isoschizomer  of  the  restriction  enzyme  used  in 
the  assay  is  it  reasonably  safe  to  infer  that  it  is  also  producing 
a  methylase  with  the  same  specificity.  Thus,  it  is  reasonable 
to  assume  that  the  strains  listed  in  Table  ^  are  also  producing 
methylases  with  specificities  identical  to  those  of  the  listed 
restriction  enzymes. 

Evidence  for  Methylase  Activity 

There  have  been  direct  demonstrations  of  methylase  ac¬ 
tivity  in  extracts  from  gonococcal  cells  (16;  Duff,  M.Sc. 
thesis).  Such  extracts  have  been  shown  to  possess  both 
adenine  and  cytosine  methylase  activity  (16). 

Purified  Methylase  Activities 

Only  in  a  few  cases  has  a  methylase  been  purified  to  such 
an  extent  that  a  particular  sequence  specificity  can  be 
assigned  to  an  individual  enzyme.  The  enzymes  that  have 
been  purified,  and  the  sequences  that  they  recognize,  are 
listed  in  Table  4.  Among  these  is  a  cytosine  methylase, 
M./VgoBI.  with  the  specificity  that  Korch  suggested  might 
be  the  target  for  a  type  Ill  methylase  (7).  M./VgoBI.  how¬ 
ever.  shows  all  the  characteristics  of  a  type  II  enzyme  (1.*') 
and  is  part  of  one  of  the  small  group  of  type  II  restriction 
modification  systems  that  recognize  nonpalindromic  se¬ 
quences  (17).  The  same  strain  also  produces  appreciable 
amounts  of  another  methylase.  M.A'goBlI,  that  methylates 
an  interrupted  nonpalindromic  sequence  (1.*').  The  existence 
of  this  methylase  was  entirely  unexpected,  since  the  strain 
concerned  does  not  produce  appreciable  amounts  of  a  re¬ 
striction  enzyme  with  the  same  recognition  sequence,  nor  is 
there  an  available  isoschizomer  that  might  have  been  used  in 
an  assay  for  cleavage  resistance. 

C  I.ONEI)  GENES  ENCODING  RESTRICTION 
MODIFICATION  SYSTEMS 

The  other  way  in  which  the  presence  of  a  restriction 
modification  system  can  be  directly  demonstrated  is  through 


the  cloning  of  the  genes  for  the  enzymes.  One  advantage  of 
this  direct  approach  (see  below)  has  been  the  demonstration 
that  such  systems  can  be  isolated  from  strains  that  do  not 
produce  appreciable  amounts  of  the  relevant  methylase  or 
restriction  enzyme. 

Cloning  Procedures 

The  procedure  used  to  clone  the  gonococcal  genes  is 
based  on  a  general  method  that  has  been  used  to  clone  genes 
from  a  variety  of  restriction  modification  systems.  The 
procedure  aims  to  isolate  a  methylase  gene,  but  because  the 
relevant  restriction  enzyme  gene  is  often  closely  linked,  the 
genes  for  the  entire  restriction  modification  system  are  often 
found  on  the  cloned  DNA  fragment.  The  method  relies  on 
the  availability  of  an  isoschizomer  for  the  restriction  enzyme 
concerned  and  the  presence  of  at  least  one  recognition  site 
for  that  enzyme  in  the  plasmid  cloning  vector  used.  A 
genomic  library  is  constructed  in  the  cloning  vector  in 
Escherichia  coli.  and  this  construction  is  followed  by  a  bulk 
extraction  of  the  recombinant  plasmids.  This  mixture  of 
recombinant  plasmids  is  then  digested  with  the  isoschizo- 
meric  restriction  enzyme  and  retransformed  into  £.'.  coli.  The 
only  recombinant  plasmids  that  should  be  resistant  to  cleav¬ 
age,  and  therefore  able  to  replicate  in  E.  coli.  are  those  that 
carry  the  relevant  methylase  gene. 

Cloned  Methylase  and  Restriction  Enzyme  Genes 

The  gonococcal  restriction  enzyme  and  methylase  genes 
that  have  been  cloned  thus  far  are  listed  in  Table  5.  As  might 
be  expected,  in  one  case  the  entire  restriction  modification 
system  was  cloned.  It  is  also  worth  noting  that  this  approach 
has  been  successful  with  strains  that  do  not  produce  the 
relevant  methylase  in  amounts  sufficient  to  allow  its  purifi- 


TABLE  2.  Revised  nomenclature  for  gonococcal  methylase 
specificities 


Putative 

methylase 

name" 

Methylated 

sequence 

Restriction 
en/yme  acting 
at  same  site 

Name  of 
methylase 
specificuy 

M.Ngol 

PuGCGCPv 

R.//u<ll 

S..Vc’ril 

M.N.foll 

GGCC 

R.WucIIl 

S.A'k'oll 

M.,Vg(ini 

CCGCGG 

R.Sudl 

S.Nk-..IIl 

M.iVgr.IV 

GCCGGC 

R.A’r/d 

S.A't’rllV 

GGNNCC 

R.iV/uIV 

S..\\'r»V 

M .  NfidV  1 

GATC 

R.Mhol 

S.-VgoVl 

M./VgriVIl 

GC(G/C)GC 

None 

S.VgoVll 

M..Vje<.VIIl 

GGTGA 

R.//p/iI 

S.Ve-.VIll 

'  These  names  have  now  heen  discarded. 
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TABLE  Restriction  enzymes  isolateU  from  SI.  i;t>iu>irlioc’(U’ 


Spouificirv 

Recognition 

sequence 

Isoschizomer 

Strain 

Name 

Refcrencels) 

S.Ai,-.-l 

PuGCGCPv 

R.Wucll 

•)</ 

R./V^v;WI 

17 

JKDIOV 

R./Vy,;JII 

4,  4a;  Duff.  M.Sc.  Iliesis 

JKD211 

R.-VyuDll 

4.  4a;  Duff,  M.Sc.  thesis 

GGCC 

R.//<«111 

CDC66 

R./VgoCI 

2.  3 

PV 

R.A,e''PII 

21-23 

Pgh3-2 

R.iV,i.'<'Sl 

19.  20 

S..Ve<4ll 

CCGCGG 

R.Xiull 

KH7764-45 

R.AT-oKl 

13.  14 

P9 

R.A'awPIII 

21-23 

JKD1()9 

R.NeoJl 

4;  Duff.  M.Sc.  thesis 

JKD211 

R.A,i.'«DI 

4;  DuflT.  M.Sc.  thesis 

S.A'tvATIl 

GGTGA 

R. ///>>;! 

JKD1()9 

R,A-.e(dllI 

4.  4a;  Duff.  M.Sc.  thesis 

JKD211 

R..Vef>DlV 

4,  4a;  Duff.  M.Sc.  thesis 

WR,t()2 

R.A’euBl 

l.Sa.  19 

h 

G'’“ATC' 

R.Dpnl 

JKD2n 

R.AyoDlll 

4.  4a;  Duff.  M.Sc.  thesis 

“  Producing  strain  unknown. 

— .  No  speciticits  name. 

'  ""'.A  -  N''-methyladcnine. 


cation  (R,  Chien.  .A.  Piekarowicz,  and  D.  Stein,  unpublished 
data)  and  that  a  restriction  enzyme  pene  can  be  cloned  from 
strains  that  do  not  produce  identifiable  quantities  of  the 
enzyme  (R.  H.  Chien,  D.  C.  Stein,  K.  Floyd,  M.  So,  and 
H.  S.  Seifert,  unpublished  data). 


with  eight  difierent  specificities  and  six  of  the  eight  specific¬ 
ities  postulated  by  Korch  et  al.  (6,  7).  If  M.A'goBll  (for 
which  no  restriction  enzyme  counterpart  is  known)  is  put  to 
one  side,  the  gonococci  possess  at  least  seven  restriction 
modification  systems. 


FA  IDENCE  FOR  ADDITIONAL  METHYI.ASE 
ACTIVITIES 

There  is  evidence  to  suggest  that  gonococci  possess  addi¬ 
tional.  as  yet  uncharacterizgd  methylases.  First.  Stein  and 
co-workers  have  cloned  the  gene  for  a  methylase  with  a 
specificity  different  from  that  of  any  of  the  known  gonococ¬ 
cal  enzymes  (D.  C.  Stein,  person- '  communication).  Sec¬ 
ond.  it  has  been  known  for  some  time  that  some  strains  of  N. 
^onorrhoeue  pi  ..uce  an  adenine  methylase  (16;  Duff.  M.Sc. 
thesis).  As  yet.  the  gene  for  this  methylase  has  not  been 
cloned,  nor  has  the  methylase  itself  been  purified.  There  is 
some  evidence,  although  no  direct  proof,  that  the  adenine 
methylase  activity  in  these  strains  is  the  result  of  a  single 
enzyme  that  recognizes  the  sequence  5'-GATC-3'  (4.  4a. 
13-1.^.  20.  2.*').  There  is  also  no  report  of  a  restriction  enzyme 
that  recognizes  this  sequence  when  it  is  unmethylated  (an 
isoschizomer  of  R.,Vf6<)l).  although  a  restriction  enzyme  that 
recognizes  the  methylated  sequence  has  been  found  in  a 
strain  that  lacks  adenine  methylase  activity  (Table  3).  i.e..  an 
isoschizomer  of  R.DpnI. 

CHARACTERIZED  RESTRICTION  MODIFICATION 
SYSTEMS 

A  consolidated  list  of  all  the  restriction  enzymes  and 
methylases  that  have  been  purified  or  cloned  from  N. 
^onorrhoeiif  is  shown  in  Table  6,  The  list  includes  enzymes 


TABLE  4.  Purified  gonococ'' tl  methylases 


Specificity 

Recognition 

sequence 

Strain 

Purified 

methylase 

Refcr- 

encctst 

S.A'i,'<i|l 

GGCC 

WR22() 

M-fV^oAI 

LS.  LSa 

s..vv<.-vni 

GGTGA 

MUGII6 

M.,Ve<»BI 

LS 

GTAN.CTC 

MUG116 

M.NvoBIl 

l-S 

"  — .  No  specificity  name 


DISTRIBUTION  OF  RESTRICTION  MODIFICATION 
SYSTEMS 

Although  the  data  in  Table  6  indicate  the  number  of 
restriction  modification  systems  so  far  identified  in  the 
species,  they  do  not  indicate  how  many  of  these  systems  are 
usually  possessed  by  an  individual  strain,  and  that  is  the 
information  needed  to  ascertain  whether  restriction  barriers 
might  hinder  the  free  exchange  of  genetic  information  within 
the  species.  The  results  cited  above  seem  to  indicate  that 
when  a  gonococcal  strain  modifies  its  DNA  so  that  it  is 
resistant  to  cleavage  by  an  isoschizomgr  of  a  characterized 
gonococcal  restriciion  enzyme,  that  strain  carries  the  meth¬ 
ylase  gene  whether  or  not  the  methylase  is  being  produced  in 
amounts  sufficient  to  be  purified.  In  addition,  it  seerns  that 
such  a  strain  also  carries  the  gene  encoding  the  correspond¬ 
ing  restriction  enzyme,  whether  or  not  the  restriction  en¬ 
zyme  is  also  being  produced  in  amounts  sufficient  to  be 
characterized.  It  has  been  suggested  that  this  low  level  of 
production  of  some  enzymes  may  be  related  to  the  growth 
phase  of  the  cells  (Chien.  et  al..  unpublished).  Some  indica¬ 
tion  of  the  distribution  of  the  known  gonococcal  restriction 
modification  systems  might  Iheiefore  be  gathered  by  looking 
at  how  often  the  DNA  of  individual  strains  is  resistant  to 
cleavage  by  isoschizomers  of  the  known  gonococcal  restric¬ 
tion  enzymes. 

Incidence  of  Restriction  Modification  Systems 

From  the  above  criteria,  and  on  the  basis  of  our  own 
surveys  of  different  strains  (M.  K.  Duff  and  J.  K.  Davies, 
unpublished  dfita)  antj  any  published  information,  it  seems 
that  most  gonococcal  strains  possess  at  lea.-,i  six  of  the 
restriction  modification  systems  listed  in  Table  6.  A  small 
proportion  of  .strains  (perhaps  S"  )  seem  to  lack  the  S.A'ji.vdl 
system,  and  an  even  smaller  fraction  lack  the  S.NgoIIl 
system.  The  major  variation,  however,  seems  to  be  in  the 
ability  to  produce  the  adenine  methylase  referred  to  above. 
We  estimate  that  perhaps  .309f  of  gonococcal  strains  have  the 
ability  to  methylate  the  sequence  5’-GATC-3'. 
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TABLF.  5.  Cloned  gonococcal  restriction  enzyme  and  methylase  genes 


Spccltieitv 

Rceoynition 

Ncqiioncc 

DNA  rcNistDnt  to 
cleavage  with: 

Strain 

Enzyme(s)  encoded  on 
cloned  DNA  fragment 

Reference(s) 

S..\  *,'1)1 

PuGCGCPv 

R.//</<II 

P9 

M.VgoPI 

2.1 

S.-Vi/oIl 

GGCC 

R.//ueIlI 

P9 

M.AgoPII 

2.^.  23 

S..Ve(-IV 

GCCGGC 

R.Xael 

Msn 

R.NeuMl.  M.NgoMI 

R.  H.  Chien  et  al..  unpublished 

GGNNCC 

R.yiiilV 

MUGI16 

M.N.eoBlII 

R.  Chien  et  al..  unpublished 

Potential  Barriers  to  Genetic  Exchange 

It  would  seem  that  the  DNA  from  the  few'  strains  that  lack 
the  S..Vi,’oll  and  S.iVijolII  systems  would  not  be  successfully 
transformed  into  the  majority  of  gonococcal  strains.  Indeed, 
one  of  these  restriction  barriers  has  been  directly  demon¬ 
strated  (19.  20).  The  main  barrier  to  free  genetic  exchange 
within  the  species,  however,  seems  to  involve  enzymes  that 
act  on  the  sequence  .‘i'-GATC-.^'. 

ADENINE  METHYLATION 

■As  mentioned  previously,  many  gonococcal  strains  appear 
to  produce  an  adenine  methylase  that  recognizes  the  se¬ 
quence  .‘i'-GATC-.V  (4.  4a.  13-L‘i.  20.  25).  Since  no  restric¬ 
tion  enzyme  recognizing  the  same  sequence  has  ever  been 
isolated  from  gonococci,  it  has  been  suggested  that  this 
methylase  may  be  the  equivalent  of  the  dam  methylase  of  £. 
coU  (13.  14.  18.  25).  The  E.  coli  enzyme  is  not  part  of  a 
restriction  modification  system  but  appears  to  have  a  variety 
of  roles  within  the  cell,  including  strand  discrimination 
during  mismatch  repair  (18).  These  characteristics  do  not 
seem  to  apply  to  the  gonococcal  enzyme.  First,  strains 
lacking  this  methylase  do  not  appear  to  be  hypermutable.  as 
do  the  dam  mutants  of  E.  coli  (13,  14).  Second,  a  strain  that 
lacks  this  ntethylase  has  been  shown  to  be  producing  a 
restriction  enzyme  that  cleaves  the  methylated  sequence  (4. 
4a'.  Duff.  M.Sc.  thesis).  This  situation  seems  reminiscent  of 
that  found  in  Streptococcus  pneumoniae  (8). 


Some  strains  of  S.  pneumoniae  produce  R.Dpnl,  which 
cleaves  the  methylated  sequence  5’-G""''ATC-3'.  while  oth¬ 
ers  contain  the  complementary  enzyme  R.Dpnll.  which 
cleaves  only  the  unmethylated  sequence  5'-GATC-3'  (8). 
Cells  that  produce  R.Dpnl  have  no  need  to  protect  iheir 
DNA  against  this  enzyme,  whereas  cells  that  produce 
R.Dpnll  must  produce  a  methylase  to  modify  this  site.  It  has 
been  shown  that  the  genes  responsible  for  one  restriction 
phenotype  are  not  present  in  cells  of  the  opposite  phenotype 
but  that  each  strain  does  share, sequence  homology  on  either 
side  of  the  regions  of  the  chromosome  encoding  the  restric¬ 
tion  enzymes  (8).  Therefore,  the  complementary  restriction 
systems  are  found  in  nonhomologous  and  mutually  exclusive 
cassettes,  which  are  apparently  inserted  into  a  specific 
position  in  the  chromosome.  Whether  or  not  such  a  system 
exists  in  the  gonococcus  remains  to  be  demon.strated. 

CONCLUSIONS 

N.  fionorrhoeae  can  efficiently  exclude  foreign  DNA  be¬ 
cause  of  its  multiple  restriction  barriers.  This  plethora  of 
restriction  modification  systems  does  not  limit  the  exchange 
of  genetic  information  within  the  species,  because  most 
strains  protect  their  DNA  against  cleavage  by  all  of  the 
gonococcal  restriction  enzymes.  The  only  barrier  to  this  free 
flow  of  genetic  information  seems  to  be  the  existence  of  a 
mutually  exclusive  set  of  restriction  systems  that  recognize 
methylated  or  unmethylated  versions  of  the  sequence  5'- 
GATC-3'. 


TABLE  6.  Characterized  gonococcal  restriction  modification  systems 


Specificity 

Rccogniticn 

sequence 

Isoschizomcr 

Restriction 

enzyme 

Methylase 

S.-Vgol 

PuGCGCPy 

R.//rteII 

R.NgnWI 

R.NgnJII 

R.Af^.'nDlI 

M.NgoPl 

S..\i'<dl 

GGCC 

R.//<h'III 

R.A/goCI 

R.NcuPIl 

R./VftoSl 

M./VgoPII 

M.A/guAI 

S.Veolll 

CCGCGG 

R..V<i(ll 

R./VguKI 

R./VeoPIll 

R.A/g«JI 

R./VgoDl 

Inferred,  none  characterized 

S.,Ve-dV 

GCCGGC 

R.VucI 

R.A'goMl 

M./VguMl 

S,,Ve"V 

GGNNCC 

R.AVulV 

None  known 

M.NeuBIIl 

,S..Ve<-VIJ| 

(iGTGA 

R.//p/;l 

R.N>,n)Jlll 

R./Vje«DIV 

R.NgoBI 

M.NpoBI 

G"’‘ATC'' 

R.Dpnl 

R./VgoDlll 

None 

(iTANTTC 

None  known 

None  known 

M.NguBlI 

■  — .  Nt>  spcLifici»>  name 
'"'A  mcthUaJcninc 
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There  remains  one  important,  and  unanswered  question. 
If  the  purpose  of  a  restriction  system  is  to  exclude  foreign 
DNA,  this  can  be  achieved  by  producing  large  amounts  of  a 
single  restriction  enzyme  recognizing  a  4-base-pair  se¬ 
quence.  Why.  then,  have  the  gonococci  maintained  the 
ability  to  produce  at  least  six  restriction  barriers?  This  is 
even  more  puzzling,  considering  that  the  gonococcal  trans¬ 
formation  system  apparently  has  the  ability  to  discriminate 
between  gonococcal  DNA  and  DNA  from  otner  socrces,  and 
to  preferentially  take  up  DNA  from  its  own  species  (1).  Why. 
then,  the  need  for  any  restriction  barrier? 
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The  hallmark  of  acute  gonococcal  urethritis  in  males  is  the 
presence  of  gram-negative  intracellular  diplococci.  Not  only 
has  this  observation  served  as  a  diagnostic  indication  of 
gonorrhea,  it  has  also  suggested  that  Neisseria  ponorrhoeae 
has  the  capacity  to  survive  the  massive  inflammatory  re¬ 
sponse  of  the  host  during  infection.  Thus,  the  interaction  of 
gonococci  with  human  phagocytic  cells  has  both  clinical  and 
experimental  significance. 

It  is  the  purpose  ot  this  review  to  discuss  experiments 
performed  during  the  past  several  years  that  deal  with  the 
interactions  between  gonococci  and  phagocytes.  For  the 
most  part,  this  review  will  concentrate  on  polymorphonu¬ 
clear  leukocytes  (PMNs),  since  their  presence  in  purulent 
exudates  is  most  remarkable  and  has  been  studied  vis-a-vis 
N.  ponorrhoeae  to  a  greater  extent  than  that  of  mononuclear 
phagocytes.  Moreover,  since  gonococci  are  obligate  human 
pathogens  and  since  no  cost-effective  animal  model  mimics 
human  infections,  only  experiments  with  human  materials 
will  be  reviewed,  except  when  comparisons  help  us  to  better 
understand  the  molecular  events  involved  in  gonococcus- 
PMN  interactions. 

Intraleukocytic  killing  of  gonococci  is  the  final  event  in  the 
process  of  interest.  However,  killing  requires  certain  se¬ 
quential  events  which,  at  each  step,  can  be  resisted  by 
gonococci.  For  instance,  gonococci  may  resist  phagocytes 
by  killing  them,  inhibiting  their  chemotaxis,  resisting  in¬ 
gestion.  or  inhibiting  or  surviving  intraleukocytic  killing 
mechanisms.  Accordingly,  this  re/iew  is  divided  into  three 
sections:  extracellular  events,  cell  surface  events,  and  intra¬ 
cellular  events.  Although  gonococci  and  other  pathogenic 
bacteria  are  subjected  to  similar  processes,  research  dealing 
with  gonococci  and  PMNs  has  provided  new  information 
regarding  phagocytosis,  phagocytic  killing,  and  the  biology 
of  gonococci.  Therefore,  we  have  sought  to  identify  how 
studies  dealing  with  gonococci  and  PMNs  have  helped  to 
advance  not  only  the  field  of  gonococcal  pathogenesis  but 
also  the  biology  of  PMNs.  Where  there  appear  to  be  answers 
to  certain  questions,  we  have  provided  them.  Where  ques¬ 
tions  remain,  we  have  pointed  them  out  in  a  manner  that  we 
hope  will  spur  new  approaches  to  an  old  problem.  Finally,  as 
is  often  the  case  with  gonococci,  results  and  conclusions 
from  many  early  experiments  that  examined  the  interaction 
of  gonococci  and  PMNs  must  be  reevaluated  as  the  genetics, 
physiology,  and  structure  of  N.  ftonorrhoeae  have  become 
better  understood. 


defensive  response  of  the  host.  Only  a  limited  number  of 
studies  provide  an  indication  of  the  events  occurring  prior  to 
the  physical  interaction  of  gonococci  with  the  surface  of  the 
phagocyte. 


Chemotaxis 

Chemotaxis  is  defined  as  the  migration  of  phagocytic  cells 
up  a  concentration  gradient  that  often  originates  from  in¬ 
fected  areas.  It  was  one  of  the  first  biological  processes 
noted  in  immunological  research  and  was  central  to  the 
MetchnikofT  (66)  phagocytic  theory  of  host  defense.  The 
capacity  of  PMNs  to  infiltrate  tissues  and  fluids  in  response 
to  chemotactic  signals  may  shed  light  on  the  massive  pres¬ 
ence  of  PMNs  in  acute  gonococcal  urethritis.  Conversely, 
down-regulation  of  the  chemotactic  process  may  help  to 
explain  asymptomatic  infections.  Thus,  it  is  important  to 
know  the  nature  of  the  chemotactic  signals  recognized  by 
PMNs  during  gonococcal  infection  and  whether  they  differ 
during  the  course  of  acute,  asymptomatic,  or  invasive  forms 
of  disease. 

The  principal  chemotactic  signal  relevant  to  the  migration 
of  PMNs  to  gonococci  is  C5a.  which  is  generated  by  cleav¬ 
age  of  C5  by  C5  convertase.  This  complement-derived 
neutrophil  chemoattractant  has  been  shown  by  Densen  el  al. 
(24)  to  be  markedly  increased  in  serum  exposed  to  serum- 
sensitive  as  opposed  to  serum-resistant  gonococci.  This  is 
important  since  serum-sensitive  gonococci  cause  signifi¬ 
cantly  greater  inflammatory  symptomology  in  women  with 
acute  salpingitis  than  the  low-level  symptomology  seen  in 
individuals  with  disseminated  gonococcal  infections  that  are 
typically  caused  by  serum-resistant  strains  (87).  Thus,  the 
acute  nature  of  salpingitis  may  be  directly  related  to  the 
capacity  of  serum-sensi'ive  strains  to  increase  the  magnitude 
of  C5a  generation.  This  would  stimulate  PMN  migration, 
leading  to  the  severe  inflammation  seen  in  this  form  of 
gonorrhea. 

Intact  and  sonicated  gonococcal  peptidoglycans  (PG)  ac¬ 
tivate  the  classical  complement  pathway  in  an  antibody- 
dependent  manner  (79),  thereby  generating  C5a.  However, 
lysozyme  digestion  of  sonicated  PG  abrogates  this  activity, 
but  PG  that  is  O  acetylated  is  resistant  to  such  digestion  (90). 
Accordingly.  PG  fragments  containing  glycosidic  linkages 
that  are  liberated  in  vivo  and  are  recognized  by  antibody  to 
PG  should  have  a  bearing  on  inflammation. 


EXTRACEIJ.ULAR  EVENTS 

In  considering  the  extracellular  events  that  take  place 
during  the  initial  phases  of  phagocytosis,  three  topics  are 
important:  chemotaxis,  opsonization,  and  cytotoxicity.  The 
first  two  favor  the  host,  whereas  the  last  (bacterium-me¬ 
diated  cytotoxicity)  may  help  gonococci  evtidc  the  initial 


Cytotoxicity  and  Interference  with  PMN  Functions 

Microorganisms,  through  the  production  of  leucocidins, 
have  the  ability  to  resist  phagocytes  by  killing  them  prior  to 
being  ingested.  Microscopic  evidence  suggests  that  some 
PMNs  may  fall  victim  to  toxic  substances  released  by 
gonococci.  Visualization  of  purulent  exudates  reveals  not 
only  abundant  numbers  of  intact  PMNs  but  also  phagocytes 
that  appear  to  be  damaged  or  disintegrating  (18,  19.  68.  72). 
However,  since  the  fully  mature  PMN  has  a  half-life  of  about 
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8  h.  it  is  difficult  to  distinguish  whether  such  PMNs  have 
been  attacked  by  gonococcal  cytotoxic  agents  or  are  merely 
succumbing  to  old  age.  Certain  gonococcal  cell  envelope 
components  may  participate  directly  in  damaging  PMNs. 
Gonococci,  like  other  gram-negative  bacteria,  release  outer 
mep.brar.e  vesicles  that  may  indirectly  serve  to  deliver  toxic 
coippounds.  Hence,  potential  cytotoxic  agents  released  by 
gonococci  might  be  individual  factors  released  into  the 
environment  or  outer  membrane  (OM)  components  released 
as  part  of  membrane  vesicles.  Casey  et  al.  (19)  presented 
evidence  that  gonococci  produce  a  cytotoxic  substance  with 
the  ability  to  lyse  PMNs.  The  substance  did  not  appear  to  be 
lipopoly saccharide  (LPS).  which  is  known  to  damage  fallo¬ 
pian  tube  tissue  (21),  or  protein.  No  further  reports  regarding 
the  nature  or  mechanism  of  action  of  this  cytotoxin  have 
appeared.  Its  presence  should  be  confirmed,  and.  if  it  is 
found,  its  distribution  among  gonococcal  isolates  should  be 
evaluated.  Its  mode  of  action  should  also  be  determined. 

Studies  that  have  investigated  the  structure  and  function 
of  the  outer  membrane  on  protein  (OMP)  protein  I  (PI)  (5,  6, 
4,1.  45).  however,  provide  a  better  example  of  how  a  gono¬ 
coccal  protein  might  modulate  PMN  function.  PI  is  known  to 
directionally  insert  into  eucaryotic  membranes,  and  this 
action  may  have  dire  consequences  for  PMNs  (43,  64.  135). 
For  instance.  TI  depolarizes  the  PMN  membrane,  resulting 
in  inhibition  of  degranulation;  this  suggests  that  it  could 
influence  PMN  structure  and  function.  Since  intracellular 
killing  of  gonococci  icH-Tes  the  development  of  a  phagoly¬ 
sosome  (25),  the  inhibition  of  degranulation  would  prohibit 
the  release  of  toxic  compounds  into  the  phagocytic  vacuole. 
I'his  may  help  to  explain  why  some  intraphagosomal  gono¬ 
cocci  resist  the  antimicrobial  action  of  lysosomal  compo¬ 
nents  (see  below  ). 

Opsonization 

What  role  do  opsonins  (12)  play  in  phagocytosis  of  gono¬ 
cocci  in  vitro,  and  are  opsonins  produced  and  active  in  vivo? 
Gonococcal  variants  possessing  certain  Pll  proteins  are 
reaui'v  phagocytized  and  killed  in  vitro  (33.  53,  54.  83.  84. 
129).  With  these  strains,  opsonins  present  in  serum  may 
have  little  effect  on  the  outcome  of  gonococcus-PMN  inter¬ 
actions.  f)n  the  other  hand,  gonococci  lacking  Plls  or 
possessing  nonadherent  Plls  or,  perhaps,  strains  displaying 
certain  pilus  chemotypes  arc  not  recognized  by  PMNs  in  the 
absence  of  opsonins. 

Fresh  human  serum  contains  opsonic  anti-PI  immunoglob¬ 
ulin  G  (94,  95),  Fresh  convalescent-phase  human  serum 
samples  collected  during  localized,  disseminated,  and  un¬ 
complicated  gonococcal  infections  are  opsonic  and  contain 
immunoglobulin  G  (11. 62)  to  most  surface-exposed  compo¬ 
nents.  including  PI  (34.  63).  Pll  (97).  PHI  (63.  86),  the 
iron-regulated  proteins  (34).  pili  (34.  102),  H.8  (4).  and  as  yet 
uncharacterized  components  (34.  136).  .Such  antibodies  are 
also  present  in  cervical  and  urethral  secretions  to  various 
degrees  (47.  65,  124). 

In  human  PMN  chemotaxis  studies.  Densen  et  al.  (24) 
showed  that  complement  deposition  on  disseminated  iso- 
kites  w;ts  less  than  and  slower  than  that  observed  on  local 
isolates,  when  incubated  in  lO'/r  fresh  human  serum.  Hcat- 
or  ethylenediaminetetniacetic  acid  (EDTA)-trcaled  serum 
inhibited  complement  deposition  on  all  strains  and  abrogated 
the  subsequent  release  of  the  chemoattractant.  C5a.  Ross 
and  Densen  (92)  further  showed  that  serum-sensitive  strains 
are  more  rapidly  and  completely  ingested  and  killed  by 
human  PMNs  than  are  serum-resistant  strains  in  nonbacte- 


ricida!  C8-deficient  serum  or  C8-depleted  normal  serum. 
More  specifically,  phagocytic  killing  of  serum-resistant 
strains  was  unaffected  by  serum:  in  the  presence  of  PMNs,  it 
retained  about  659f  of  its  viability  in  the  presence  of  0.01  to 
1091  serum.  In  contrast,  phagocytic  killing  of  serum-sensi¬ 
tive  strains  was  strictly  dependent  on  the  serum.  An  alter¬ 
native  explanation  of  the  data,  however,  is  that  the  repre¬ 
sentative  serum-sensitive  strain  was  consistently  PII”, 
whereas  the  serum-resistant  strain  was  PIP,  thus  confound¬ 
ing  the  interpretation  of  the  results.  Others  find  no  differ¬ 
ences  in  the  phagocytic  killing  of  unopsonized,  nonpiliated 
PH  ’  strains  of  serum-sensitive  and  serum-resistant  strains 
(S.  H.  Fischer  and  R.  F.  Rest,  unpublished  data). 

Opsonophagocytosis  therefore  appears  likely  in  vivo,  al¬ 
though  we  are  not  aware  of  studies  investigating  such 
processes.  It  is  unknown  which  of  the  apparent  opsonins  is 
the  most  relevant  for  protection  of  the  host. 

SURFACE  EVENTS 

Gonococcal  Surface  Components  Implicated  in  Gonococcus- 
PMN  Interactions 

Antiphagocytic  activities  and  components,  (i)  PI.  In  a  series 
of  elegant  studies,  Blake  and  co-workers  showed  that  PI 
translocated  from  the  gonococcal  OM  to  erythrocyte  and 
artificial  membranes  (135)  and  associated  with  PMNs  (64).  PI 
forms  ion  channels  in  these  membranes  and  selectively 
inhibits  exocytosis  from  human  neutrophils  without  inhibit¬ 
ing  superoxide  generation  (43).  Whether  PI  affects  the  ability 
of  gonococci  to  survive  neutrophil  killing  is  not  known. 

(ii)  Pili.  Although  pili  are  unquestionably  important  in 
initial  interactions  with  host  epithelial  cells  and  in  initiating 
gonococcal  infection  (46.  51.  52.  58.  Ill,  116.  118).  their  role 
in  gonococcal  interactions  with  PMNs  remains  open  to 
question,  and  older  data  and  conclusions  must  be  reevalu¬ 
ated.  With  few  exceptions,  earlier  studies  showed  that 
piliated  gonococci  (from  type  1  or  type  2  colonies,  as 
o.iginally  described  by  Kellogg  et  al.  [51,  52])  resisted 
neutrophil  phagocytosis,  whereas  nonpiliated  organisms, 
from  colony  type  3  or  type  4.  were  ingested  (27,  41,  58,  71. 
80.  122.  123).  However,  more  recent  studies,  and  some 
earlier  ones,  have  used  gonococci  with  a  better-defined  PH 
content,  as  determined  by  a  combination  of  colony  morphol¬ 
ogy  (59,  115).  and  sodium  dodecyl  sulfate-polyacrylamide 
gel  electrophoresis  of  outer  membrane  preparations  (33.  54, 
83.  112-116.  128.  129).  The  results  of  these  studies  have 
suggested  that  in  the  presence  of  PH.  pili  have  little  effect  on 
the  degree  to  which  gonococci  adhere  to.  stimulate,  or  are 
killed  by  human  PMNs.  Thus,  PH  appears  more  important 
than  pili  in  mediating  gonococcal  interactions  with  PMNs. 
including  adherence  and  modulation  of  phagocytosis  (59, 
(0 

The  story,  however,  is  not  complete.  Pili  undergo  struc¬ 
tural,  antigenic,  and  functional  alterations  owing  to  antigenic 
variation  (40.  1()3).  There  are  no  reports  about  the  inter, -  c- 
tion  of  gonococcal  pilus  variants  with  PMNs.  It  is  known 
that  different  pilus  types  confer  upon  gonococci  different 
adherence  properties  for  epithelial  cells  in  culture  (61). 
Recent  information  suggests  that  the  interaction  of  gono¬ 
cocci  may  not  be  mediated  by  the  major  pilus  subunit,  pilin. 
but  rather  by  as  yet  poorly  defined  pilus-associated  proteins 
(67.  109)  or  proteins  coexpressed  in  the  complex  transition 
from  colony  type  1  to  colony  type  4  (55).  The  molecular 
mechanisms  by  which  pili  mediate  gonococcal  interactions 
with  human  PMNs  is  far  from  completely  understood,  but  it 
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is  known  (117)  that  piliation  does  not  influence  phagocytic 
killing. 

(iii)  Less  well-defined  events  and  components.  In  vitro 
growth  of  nonpiliated  opaque  (Pll ' )  gonococci  in  the  pres¬ 
ence  of  heat-inactivated  normal  human  serum  decreased 
their  association  with  PMNs  (9),  reinforcing  the  observed 
need  for  opsonins  to  obtain  efficient  phagocytic  killing. 
Gonococci  isolated  directly  from  human  material  or  from 
guinea  pig  subcutaneous  chamber  fluid  resisted  pha.jocytic 
killing  to  a  greater  extent  than  did  those  grown  in  vitro  (18. 
126,  127.  134).  In  vivo  resistance  factors  might  be  lost  or 
altered  upon  subculture,  as  is  the  case  for  the  antigenic  and 
chemical  structure  of  LPS  (23.  96).  Rosenthal  et  al.  (91) 
identified  an  EDTA-sensitive  antiphagocytic  surface  compo¬ 
nent  of  gonococci  that  has  not  been  further  studied.  In 
addition  to  resisting  phagocytosis  or  intracellular  killing, 
gonococci  might  elaborate  components  toxic  to  neutrophils 
(19,  21,  43).  Thus,  from  metabolic  processes  to  surface 
structures  and  released  toxic  materials,  gonococci  possess  a 
wide  array  of  antineutrophil  systems. 

Adhesins  and  phagocytosis-promoting  activities  and  compo¬ 
nents.  (i)  PH.  There  are  at  least  three  reasons  why  many 
early  studies  investigating  the  role  of  pili  and  other  gonococ¬ 
cal  surface  components  in  the  interaction  with  PMNs  should 
be  reevaluated.  First,  contrary  to  original  observations  and 
misconceptions,  the  possession  of  a  particular  PII  does  not 
necessarily  confer  upon  gonococci  the  ability  to  form  opaque 
colonies.  Thus,  transparent  colonies  can  contain  Pll '  gono¬ 
cocci,  or,  conversely.  Pll '  gonococci  can  form  transparent 
colonies  (59.  115).  Second,  not  all  Pll  proteins  confer  upon 
gonococci  the  ability  to  adhere  to.  stimulate,  and  be  phago- 
cytically  killed  by  PMNs  (33.  60).  Thus,  colony  opacity  and 
adherence  are  unrelated,  except  under  very  well  defined 
conditions.  The  leukocyte  association  protein  (LAP)  de¬ 
scribed  by  Swanson  et  al.  was  most  probably  a  "trans¬ 
parent"  PII.  which  is  why  its  initial  identification  was  .so 
elusive  (see  below).  Indeed,  leukocyte  association  protein 
shares  peptides  with  certain  Plls  (114).  Third,  considering 
the  high  rate  of  pilin  and  Pll  antigenic  variation  (3,  40,  103) 
and  the  practical  experience  of  many  investigators,  it  is 
doubtful  that  the  piliated  and  nonpiliated  "isogenic"  vari¬ 
ants  I'sed  in  earlier  studies  possessed  the  same  PII  (or  pilin 
subunits)  throughout  the  period  of  study. 

PMNs  and  gonococci  are  found  in  close  association  in 
vivo  (31.  68,  72.  130.  131).  They  also  a.lhere  to  each  other  in 
vitro  in  the  ab  ence  of  antibody,  'fhe  leukocyte  association 
protein,  subsequently  identified  as  a  PII  (114).  was  the  first 
surface  component  other  than  pili  to  be  studied  in  the 
adherence  of  gonococci  to  human  PMNs.  In  the  absence  of 
opsonins.  piliated  or  nonpiliated  gonococci  lacking  Pll  ad¬ 
hered  poorly  to  PMNs.  were  not  engulfed  or  killed  by 
PMNs,  and  induced  only  a  low-level  PMN  oxidative  re¬ 
sponse.  compared  with  those  possessing  Pll  (33.  84.  129). 
interestingly,  Pll  also  appeared  to  confer  upon  gonococci 
the  ability  to  be  phagocytically  killed  by  Trichomonas  vag¬ 
inalis  (32). 

Which  part  of  the  Pll  molecule  is  involved  in  binding  to 
PMNs'.’  The  various  PII  molecules  synthesized  by  a  partic¬ 
ular  strain  generally  have  identical  amino  acid  sequel  ces 
except  for  a  short  semivariable  (.SV)  region  near  the  am.r.. 
terminal  and  two  longer  hypervariable  regions  (HVl.  |about 
20  amino  acids|.  and  HV2.  [about  35  amino  acids])  in  the 
carboxyl  half  of  the  PII  molecule  (20.  107).  There  are  several 
variants  of  each  HV  region,  c.g.,  H'Vl-1,  HVl-2.  HVl-n. 
and  HV2-1.  HV2-2.  HV2-n.  Differences  in  the  .SV  region  are 
limited  to  small  changes,  whereas  the  HVl  and  HV2  regions 


GONUCOCCUS-NEUrROPHlL  INI  KRACTIONS  Sk.s 

show  essentially  no  homology  between  or  within  them¬ 
selves. 

Several,  but  not  all,  monoclonal  antibodies  (whole  or  Fab 
fragments)  directed  against  epitopes  in  HV2  block  the  ability 
of  Pll '  gonococci  to  adhere  to  and  stimulate  PMNs  (84.  129; 
C.  Elkins  and  R.  F.  Rest,  submitted  for  publication).  The 
HVl  region  does  not  seem  t.)  be  directly  involved  in  binding, 
since  variants  FA  1090  Plla.  which  does  not  bind  to  PMNs, 
and  FA  1090  Pllb.  which  does  bind  to  PMNs.  vary  only  in 
their  HV2  region  (20,  33;  Elkins  and  Rest,  submitted). 
Besides  possessing  difterent  HV2  regions.  Pllb  (the  adherent 
PII)  possesses  seven  amino  acids  immediately  adjacent  to 
the  HV2  region  that  Plla  (the  nonadherent  PII)  lacks  (20). 
Thus,  an  area  near  HV2  may  be  involved  in  gonococcal 
adherence  to  PMNs. 

It  has  been  suggested  that  Pll  mediates  lectinlike  interac¬ 
tions  of  gonococci  with  PMNs  (84)  and  that  opacity-associ¬ 
ated  Plls  bind  gonococcal  LPS  (7).  However,  carbohydrate- 
specific  binding  of  purified  PII  to  HeLa  cell  membrane 
proteins  was  not  observed  (2).  Such  experiments  have  not 
been  reported  with  proteins  from  PMN  membranes.  In 
addition,  some  of  the  observations  by  Rest  et  al.  (84) 
concerning  the  ability  of  mannose  to  inhibit  gonococcus- 
induced  PMN  chemiluminescence  may  have  been  artifac- 
tual.  since  further  studies  revealed  that  mannose  inhibits 
PMN  oxidative  metabolism  in  response  to  several  stimulat¬ 
ing  agents  (82).  Plls  have  been  strongly  implicated  in  adher¬ 
ence  to  epithelial  cells  (1.  48,  110).  Whether  different  Plls 
modulate  adherence  to  different  cell  types  remains  to  be 
determined. 

(ii)  LPS.  In  adherence  studies  with  PMNs  and  piliated 
gonococci  (whose  Pll  content  was  not  defined),  Kinane  et  al. 
(53)  showed  that  additional  lectinlike  interactions  might 
occur,  with  the  lectin  on  the  neutrophil  and  the  carbohydrate 
on  the  gonococcus.  This  suggests  a  role  for  LPS,  or  an 
unidentified  gonococcal  glycolipid  or  glycoprotein,  in  the 
adherence  of  gonococci  to  PMNs.  With  the  recent  descrip¬ 
tion  of  frequent  antigenic,  structural,  and  functional  changes 
(similar  in  frequency  to  pilin  and  Pll  antigenic  variation)  in 
the  gonococcal  LPS.  such  observations  take  on  a  new 
significance  (26.  96). 

Periodate  oxidation  abrogates  gonococcal  adherence  to 
PMNs  (54;  F.lkins  and  Rest,  submitted).  Since  this  is  true  for 
nonpiliated.  Pll '  organisms,  it  can  be  concluded  that  Pll. 
which  does  not  contain  carbohydrate,  contains  a  periodate- 
sensitive  portion,  perhaps  containing  the  periodate-sensitive 
amino  acid  serine,  threonine,  or  tyrosine  (39.  132).  Altera¬ 
tion  of  LPS  by  periodate  does  not  appear  to  be  responsible 
lor  these  observations,  since  a  gonococcal  LPS  mutant.  WS 
1  (100).  whic6  '-''niains  few  or  no  hexoses.  also  binds  to 
PMNs  in  a  strictly  Pll-dependent  manner  (Elkins  and  Rest, 
submitted).  Further  studies  have  shown  that  binding  of 
nonpiliated  PIL  gonococci  to  PMNs  (i)  is  temperature 
dependent,  with  no  binding  occurring  at  0  to  5°C;  (ii)  is 
independent  of  gonococcal  viability,  since  gonococci  killed 
by  gentamicin  or  ultraviolet  light  bind  as  well  as  viable 
gonococci  'Elkins  and  Rest,  submitted);  and  (iii)  is  inhibited 
by  treaimeti!  t  f  gonococci  w  ith  trypsin,  chymotrypsin.  pro¬ 
teinase  K.  or  Vt.  protease. 

Characterization  of  GonoctKcus-PMN  Interactions  and 
Possible  Receptors 

Few  studies  have  cl.aracteri/.ed  the  molecular  mecha¬ 
nisms  involved  in  gonococcus-PMN  interactions  or  investi¬ 
gated  the  structur'-  of  the  PMN  receptor(s)  for  gonococcal 
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udhesins.  Adherence  oC gonococci  to  PMNs  is  not  inhibited 
by  protease  treatment  of  PMNs  (Elkins  and  Rest,  submit¬ 
ted).  On  the  contrary  ,  PMNs  treated  with  proteinase  K  show 
a  5-  to  lO-told  increase  in  the  binding  of  gonococci  (C. 
Elkins.  C.  Farrell,  and  R.  F.  Rest,  unpublished  data). 
Several  PMN  secretagogues.  including  phorbol  myristate 
acetate,  the  calcium  ionophore  A2.^187.  and  the  chemotactic 
peptide  rormyl-methionyl-leucyl-phenylalanine  (in  the  pres¬ 
ence  of  5  g  of  cytochalasin  per  ml),  all  increase,  in  a 
dose-responsive  manner,  the  ability  of  PMNs  to  bind  non- 
piliated  Pll  ‘ .  but  not  PII  .  gonococci.  Furthermore,  cells  of 
the  promyelocytic  cell  line  HL-60  do  not  bind  such  gono¬ 
cocci.  regardless  of  their  state  of  differentiation  or  the 
presence  of  secretagogues  (Elkins  et  al..  unpublished). 

Recently.  Stromberg  et  al.  (109)  showed  that  gonococci, 
regardless  of  piliation  or  Pll  content,  adhere  to  several 
glycolipids.  including  lactosyl-,  isoglobotriaosyl-.  gangliotri- 
aosyl-.  and  gangliotetraosylceramides.  Whether  these  gly¬ 
colipids  play  a  role  in  binding  of  gonococci  to  PMNs  or  to 
epithelial  cells  is  not  known,  although  the  last  two.  also 
known  as  asialo-GM,  and  asialo-GM,.  respectively,  have 
not  been  identified  in  neutrophils  (36.  37,  121).  Such  results 
gain  importance  in  light  of  new  studies  defining  gonococcal 
pilus-associated  (nonpilin)  proteins  (68).  Perrollet  and  Gui- 
net  (78)  described  a  6.v-kilodalton  gonococcal  outer  mem¬ 
brane  protein  with  maltose-  and  D-glucosamine-binding  ac¬ 
tivities,  Its  identity  with  OMP-macromolecular  complex  (44) 
and  its  role  in  adherence  to  host  cells  is  unknown.  Wiseman 
et  al.  (133)  have  suggested  that  piliated  (colony  type  1) 
gonococci  agglutinate  human  erythrocytes  (13.  .‘'7.  80)  as  a 
result  of  interactions  with  D-galactose-containing  erythro¬ 
cyte  surface-exposed  glycoconjugates.  In  studies  with  lectin- 
resistant  Chinese  hamster  ovary  cells  (29),  Gubish  et  al.  (42) 
observed  that  isolated  pili  adhere  to  parental  cells  much 
better  than  to  the  mutant  cells  lacking  sialic  acid,  galactose, 
and  .N-acetylglucosamine  in  their  cell  surface  glycoconju¬ 
gates.  Results  obtained  by  Pearce  and  Buchanan  support  the 
idea  that  gonococcal  pili  adhere  to  glycosphingolipids  of  host 
cells  (77).  .Such  interactions  are  not  inhibited  by  mannose  or 
other  monosaccharides.  A  common  thread  to  all  these  stud¬ 
ies  is  the  dependence  of  gonococcal  binding  to  host  cells  on 
galactose-containing  glycoconjugates.  probably  glycolipids. 

INTRACELLULAR  EVENTS 

Gonococcal  Survival  within  PMNs 

Whether  gonococci  survive  within  PMNs  has  been  the 
subject  of  controversy,  with  no  clear-cut  answer  yet  avail¬ 
able.  Perhaps  no  other  issue  in  this  field  has  generated  more 
conflicting  data.  The  intracellular  fate  of  gonococci  is  clearly 
an  important  issue,  given  that  protective  antibodies  resulting 
from  vaccination  will  probably  have  to  be  opsonic. 

Densen  and  Mandell  (2.*')  established  that  phagolysosomal 
formation  was  required  for  phagocytic  killing  of  gonococci. 
No  evidence  to  date  has  been  published  that  intracellular 
gonococci  inhibit  phagosomc-lysosome  fusion  or  that  certain 
gonococci  escape  from  the  phagolysosome.  Accordingly,  if 
gonococci  are  to  survive  within  PMNs.  they  apparently  must 
resist  antimicrobial  systems  that  operate  in  the  phagolyso¬ 
some. 

What  is  the  conflicting  evidence  regarding  the  intracellular 
fate  of  gonococci,  and  how  can  the  controversy  be  ex¬ 
plained'.’  First,  it  is  important  to  note  that  differences  in 
phagocytic  killing  assays  (monolayer  versus  suspensions  of 
PMNs),  strain  heterogeneity  (isolates  from  localized  versus 


disseminated  gonococcal  infection),  the  efficiency  with 
which  attached  gonococci  are  eliminated  by  antimicrobial 
agents,  and  gonococcal  growth  conditions  (log-phase  versus 
stationary-phase  gonococci,  broth  grown  versus  agar  grown, 
aerobic  versus  anaerobic  conditions)  are  likely  to  influence 
the  rate  and  extent  of  killing.  Hence,  assessment  and  com¬ 
parison  of  survival  data  from  different  laboratories  are 
difficult.  Second,  it  is  very  important  to  remember  that 
phagocytosis  assays  performed  in  the  laboratory  may  only 
slightly  resemble  the  events  occurring  in  vivo  and  the 
environmental  conditions  in  tissues  or  blood.  Although  this 
is  always  a  problem  in  research  on  microbial  pathogenesis,  it 
is  especially  true  for  gonococci,  given  the  highly  variable 
surlace  structures  and  response  to  environmental  stresses. 

The  greatest  proponents  of  the  intracellular  survival  of 
gonococci  are  Smith  and  co-workers  in  England.  In  a  series 
of  papers  (17-19.  7.3-76.  126.  127.  134)  starting  in  the  mid 
1970s  and  continuing  to  the  present,  this  group  presented 
data  suggesting  that  a  percentage  of  gonococci  not  only 
survive  but  also  replicate  within  PMNs;  replication  was 
inferred  on  the  basis  of  the  capacity  of  penicillin  to  kill 
ingested  gonococci  (126).  with  the  rationale  that  penicillin 
kills  only  growing  bacteria.  Moreover,  such  intracellular 
survival  of  gonococci  is  enhanced  if  gonococci  are  first 
cultivated  in  vivo  by  using  the  guinea  pig  chamber  model 
(127).  Such  gonococci  are  postulated  to  more  closely  resem¬ 
ble.  in  an  antigenic  and  physiological  sense,  gonococci 
growing  in  humans.  In  support  of  this.  Parsons  et  al.  (73-75) 
recently  reported  that  a  surface-exposed  20-kilodalton  OMP 
promotes  intracellular  growth  and  survival  of  gonococci. 
This  OMP  contains  fatty  acids  (ca.  5.79f  of  the  total  protein 
content)  and  is  rich  in  glutamic  acid.  Evidence  that  this 
lipoprotein  confers  on  gonococci  increased  resistance  to 
intracellular  killing  is  based,  in  part,  on  the  observation  that 
a  monospecific  antiserum  against  it  reduces  gonococcal 
resistance  to  intracellular  killing.  Clearly,  this  antigen  is  of 
interest  and  should  be  studied  in  more  detail  at  both  the 
biochemical  and  molecular  levels.  How  it  confers  gonococ¬ 
cal  resistance  to  killing  systems  in  phagolysosomes  will  be  of 
interest.  Of  additional  interest  is  how  in  vivo  growth  stimu¬ 
lates  its  synthesis. 

Not  all  researchers  have  observed  intracellular  survival 
and  growth  of  gonococci  (25.  27,  41.  58.  83.  95.  122).  These 
investigators  observed  that  when  an  inoculum  of  gonococci 
was  allowed  to  interact  with  PMNs  in  either  monolayers  or 
suspension,  the  ingested  gonococci  were  rapidly  killed.  Any 
gonococci  that  survived,  however,  were  suspected  to  be 
attached  to  PMNs  in  a  manner  that  enabled  them  to  resist  the 
extracellular  antimicrobial  agents  typically  added  to  elimi¬ 
nate  them.  Accordingly,  the  question  of  intracellular  sur¬ 
vival  of  gonococci  remains  controversial.  However,  in  our 
opinion,  the  major  difference  between  the  studies  by  Smith 
and  co-workers  and  those  of  others  is  that  the  former  group 
has  often  used  gonococci  directly  from  clinical  material, 
while  the  latter  has  not. 

The  observations  of  Smith  and  co-workers  may  ultimately 
prove  to  be  correct  in  that  survival  of  gonococci  in  vivo  is 
greater  than  that  observed  in  in  vitro  phagocytosis  assays. 
Recent  support  for  the  concept  that  some  intracellular  gono¬ 
cocci  survive  comes  from  the  work  of  Casey  et  al.  (16).  In  a 
study  to  test  whether  anaerobically  maintained  PMNs  killed 
gonococci  as  effectively  as  aerobically  maintained  PMNs 
did,  they  used  pyocin  103  to  kill  piliated  gonococci  attached 
to  PMNs.  This  approach  was  needed  to  rigorously  distin¬ 
guish  attached  from  ingested  gonococci  (120).  Pyocin  103 
exhibits  potent  gonococcidal  action  and  is  not  phagocytized. 
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thus  proving  to  be  an  eft'ective  extracellular  killing  agent. 
They  observed  that  approximately  29f  of  the  total  '■‘C- 
labeled.  piliated  gonococci  ingested  by  PMNs  survived  for  at 
least  165  min.  Two  important  conclusions  can  be  drawn  from 
these  experiments.  First,  in  the  absence  of  oxygen.  PMNs 
kill  98'.'f  of  the  ingested  gonococci,  thereby  implicating 
oxygen-independent  antimicrobial  mechanisms  as  contribut¬ 
ing  significantly  to  intraleukocytic  killing  of  gonococci.  Sec¬ 
ond.  despite  such  eft'ective  intraleukocytic  killing  of  gono¬ 
cocci,  a  small  but  reproducible  number  survive. 

Oxygen-Independent  Killing  of  Gonococci  by  PMNs 

The  finding  (16)  that  an  oxygen-independent  antimicrobial 
mechanism(s)  contributed  significantly  to  intraleukocytic 
killing  of  gonococci  was  consistent  with  the  earlier  work  of 
Rest  et  al.  (83),  who  showed  that  PMNs  obtained  from 
normal  healthy  donors  and  patients  with  chronic  granuloma¬ 
tous  disease  displayed  identical  phagocytic  killing  capaci¬ 
ties.  This  observation  was  significant  because  chronic  gran¬ 
ulomatous  disease  renders  phagocytes  incapable  of 
generating  toxic  O,  radicals  necessary  for  oxidative  killing 
systems  (reviewed  in  part  in  reference  104).  Hence,  intraleu¬ 
kocytic  killing  of  gonococci  by  chronic  granulomatous  dis¬ 
ease  PMNs  is  due  entirely  to  a  nonoxidative  process. 

It  is  also  important  to  note  that  neutrophils  derive  all  their 
energy  through  glycolysis  (104).  Hence,  an  anaerobic  envi¬ 
ronment  places  no  constraints  on  their  energy  needs.  In  fact, 
it  is  tempting  to  speculate  that  the  lack  of  toxic  oxygen 
radicals  within  a  PMN  may  prolong  its  life,  or  at  least  make 
it  more  enjoyable. 

The  illuminating  work  of  Britigan  et  al.  (9-11)  suggests 
that  even  under  aerobic  conditions,  gonococci  may  be  killed 
by  normal  PMNs  by  nonoxidative  processes.  They  showed 
that  gonococci  exposed  to  serum-  or  phagocyte-derived 
lactate  rapidly  consumed  the  available  molecular  oxygen. 
Thus,  gonococcal  oxygen  consumption  would  deplete  the 
oxygen  available  to  PMNs  in  a  microenvironment,  thereby 
reducing  their  capacity  to  mount  an  oxidative  burst. 

The  emerging  realization  that  gonococci  survive  and  grow 
under  anaerobic  or  hypoxic  conditions  (15,  49,  50,  56)  and 
coexist  with  strict  anaerobes  in  vivo  (35)  is  another  reason 
why  the  nonoxidative  antimicrobial  system  of  PMNs  is  an 
important  topic  for  study.  Largely  through  the  work  of  Clark 
and  co-workers  (55.  56),  we  know  that  anaerobic  conditions 
can  be  tolerated  if  gonococci  are  provided  with  a  surrogate 
electron  acceptor  such  as  sodium  nitrite  and  that  anaerobi- 
osis  regulates  the  synthesis  of  gonococcal  OMPs.  Hence, 
gonococci  growing  anaerobically  in  vivo  may  little  resemble 
the  same  strain  propagated  in  vitro  in  broth  or  on  agar  in  an 
oxygenated  environment.  How  might  anaerobic  conditions 
influence  gonococcal  pathogenesis,  given  that  the  repertoire 
of  surface  antigens  might  change?  First,  in  the  absence  of  a 
surrogate  electron  acceptor,  gonococci  are  in  a  state  of 
bacteriostasis.  Casey  et  al.  (15)  found  that  this  resulted  in 
gonococcal  resistance  in  vitro  to  antimicrobial  granule  pro¬ 
teins.  Addition  of  sodium  nitrite,  however,  permitted  growth 
in  anaerobic  broth  and  resulted  in  a  level  of  granule  protein 
susceptibility  similar  to  that  in  aerobically  grown  gonococci. 
This  is  consistent  with  the  earlier  work  of  Rest  and  co¬ 
workers  (14.  81.  88,  89),  who  showed  that  granule  proteins 
kill  actively  growing  gonococci  better  than  they  kill  station¬ 
ary-phase  gonococci. 

The  antimicrobial  action  of  certain  cationic  granule  pro¬ 
teins  is  thought  to  be  a  major  determinant  of  nonoxidative 
killing  of  bacteria  within  phagolysosomes  (104).  These  toxic 


proteins  are  stored  in  the  cytoplasmic  granules  and  are 
relea.sed  into  the  vacuole,  where  they  rapidly  bind  to  the 
microbial  surface.  To  date,  several  proteins  have  been 
isolated  from  extracts  of  granules  and  shown  to  possess 
antimicrobial  action  in  vitro  (38.  69,  98-101,  104).  Those 
possessing  antigonococcal  activity  are  CAP  37,  CAP  57.  and 
cathepsin  G  (98-101).  The  low-molecular-weight  defensins 
(38),  having  potent  antibioticlike  activity  against  several 
bacteria,  fungi,  and  viruses,  have  surprisingly  little  (if  any) 
antigonococcal  activity  in  vitro. 

Shafer  et  al.  (98-101)  have  studied  extensively  the  anti¬ 
gonococcal  activity  of  catheps.u  G  and  concluded  that  it  is  a 
likely  participant  in  the  killing  of  gonococci  in  phagolyso¬ 
somes.  Although  this  protein  is  a  serine  protease  with 
chymotrypsinlike  specificity  (69.  93).  it  kills  gonococci  and 
other  pathogens  by  a  mechanism  independent  of  proteolysis; 
neither  boiling  for  5  min  nor  treatment  with  the  potent  serine 
protease  inhibitor  diisopropyl  fluorophosphate  diminishes 
the  bactericidal  action  of  cathepsin  G  (69.  70.  100.  101). 
Thus,  one  can  exclude  proteolytic  damage  to  the  outer 
membrane  as  a  mechanism  of  killing.  The  highly  cationic 
nature  of  cathepsin  G  (pi  >  12.5)  is  a  probable  reason  why  it 
binds  avidly  and  in  a  saturable  manner  to  gonococci  (98*.  A 
single  diplococcus  has  approximately  10'  binding  sites  for 
cathepsin  G.  These  binding  sites  are  masked  by  LPS,  since 
a  mutation  which  truncates  LPS  enhances  gonococcal  sus¬ 
ceptibility  to  cathepsin  G  and  increases  the  specific  binding 
of  cathepsin  G  10-fold.  Analysis  of  the  saturable  binding  of 
cathepsin  G  to  gonococci  revealed  a  binding  constant  of  10" 
M-'. 

PI  and  PHI  appear  to  bind  cathepsin  G  (98.  99).  This  was 
first  appreciated  when  the  degradation  of  PI  and  PHI  by 
enzymatically  active  cathepsin  G  was  discovered  (99).  Such 
degradation  was  more  extensive  in  an  LPS  mutant  (WS  1) 
that  exhibited  hypersusceptibility  to  the  lethal  action  of 
cathepsin  G.  More  recent  work  with  enzymatically  inactive 
cathepsin  G  showed  that  antibody  to  cathepsin  G  coimmu- 
noprecipitated  cathepsin  G,  PI  (serovar  lAl).  PHI.  and  a 
45-kilodalton  OMP.  This  interaction  between  cathepsin  G 
and  gonococcal  OMPs  is  also  enhanced  m  the  LPS  mutant. 
However,  recent  studies  (W.  M.  Shafer  and  V.  C.  Onunka, 
unpublished  observations)  show  that  loss  of  PHI  by  inser- 
tional  mutagenesis  (8)  does  not  influence  the  level  of  gono¬ 
coccal  susceptibility  to  cathepsin  G. 

Although  binding  of  cathepsin  G  or  other  antimicrobial 
proteins  to  the  microbial  surface  is  a  necessary  step  in  the 
antimicrobial  process,  it  is  probably  not  sufficient  for  killing. 
A  postbinding  event(s)  leading  to  the  death  of  the  target 
microorganism  is  required.  The  nature  of  the  event  remains 
to  be  determined.  Nevertheless,  some  progress  has  been 
made  in  determining  the  mechanism  by  which  gonococci 
succumb  to  antimicrobial  proteins.  Gonococci  incubated  in 
the  presence  of  lethal  amounts  of  unfractionated  granule 
extracts  continue  protein  and  nucleic  acid  synthesis  (14)  and 
retain  respiratory  activity,  but  are  impaired  in  PG  synthesis 
(88)  and  show  a  limited  capacity  to  divide  (89).  This  was 
evidenced  by  a  reduced  incorporation  of  radiolabeled  glu¬ 
cosamine  into  PG  during  incubation  of  gonococci  with 
granule  extracts.  Such  gonococci  exhibit  altered  septa,  and 
their  OMs  have  an  amorphous  appearance.  Further  evidence 
for  an  involvement  of  PG  in  the  lethal  mechanism  of  anti¬ 
bacterial  proteins  (including  cathepsin  G)  is  that  a  mutation 
{penA2)  (22,  28,  105)  known  to  modify  (28)  penicillin-binding 
protein  2  (PBP-2)  (a  transglycosylase-transpeptidase)  in¬ 
volved  in  the  terminal  stages  of  PG  synthesis  (105)  renders 
gonococci  hypersusceptible  to  both  crude  granule  extracts 


Rhsr  AND  SH  \h:r 


C'l  IN  Mk  kohuii  Ri  \ 


sss 

(22)  and  cathepsin  G  (9K-101 ).  Hcncc.  cathcpsin  G  ma\  exert 
its  antigonococeal  activity  against  gonoeoeei  by  binding  to 
the  siirt'ace.  thereby  causing  damage  to  the  OM.  which  then 
permits  interference  with  en/ymes  (such  as  PBP-2)  involved 
in  the  terminal  stages  of  PG  s\  nthesis.  How  does  a  mutation 
thtit  decreases  the  binding  of  penicillin  to  PBP-2  increase 
susceptibility  to  cathepsin  G?  It  appears  that  granule  pro¬ 
teins  inhibit  the  binding  of  radiolabeled  penicillin  to  PBPs. 
suggesting  that  granule  proteins  such  as  cathepsin  G  may 
have  significant  affinity  for  PBPs  (R.  F.  Rest,  unpublished 
data).  Thus,  muttitions  that  alter  PBPs  may  enhance  the 
binding  of  cathepsin  G.  thereby  leading  to  an  inhibition  of 
PG  synthesis. 

Recently,  an  870-base-pair  complementary  deoxyribonu¬ 
cleic  acid  sequence  having  the  coding  capacity  for  a  full- 
length  molecule  of  cathepsin  G  has  been  isolated  (9.^).  cloned 
into  A  gtll.  and  subcloned  behind  a  T7  ribonucleic  acid 
polymerase  promoter  in  pT7-6  (W.  M.  Shafer.  G.  Salvesen. 
and  J.  fravis.  submitted  for  publication).  With  this  plasmid 
expression  system,  recombinant  cathepsin  G  has  been  pro¬ 
duced  in  Eschcrii  hin  coli.  The  isolated  .''ecombinanl  poly¬ 
peptide  has  bactericidal  activity  against  gonococci  that  is 
identical  to  that  of  the  lysosomal  cathepsin  G.  The  fact  that 
recombinant  cathepsin  G  kills  gonococci  (and  other  cathep¬ 
sin  G-susceptible  bacteria)  indicates  th;it  the  antibacterial 
domain(s)  of  cathepsin  G  resides  within  its  prtmary  struc¬ 
ture.  It  should  now  be  possible,  through  recombinant  deoxy¬ 
ribonucleic  acid  and  mutagenic  techniques,  to  identify  such 
"antimicrobial"  domains  of  cathepsin  G.  This  will  be  of 
great  benefit  in  determining  the  mechanism  of  killing. 

Degradation  of  Gonococci  by  Lysosomal  Enzymes 

Degradation  of  gonococcal  antigens  is  of  importance  since 
surface  antigens  or  potentially  toxic  substances  (LPS  and 
PG)  may  be  altered.  Such  action  could  modify  antigenicity  or 
biologic  activity.  Only  a  few  studies  to  date,  however,  have 
examined  this  topic. 

Proteases  (notably  the  neutral  serine  proteases  elastase 
and  cathepsin  G)  degrade  a  number  of  gonococcal  OMPs. 
PIB  and  Plls  are  susceptible  to  PMN  elastase  (.^0.  S.*!).  This 
occurs  in  vitro  when  highly  purified  elastase  and  gonococci 
or  OM  preparations  are  used  and  in  situ  when  gonococci  are 
present  in  phagolysosomes.  Elastase  also  has  the  capacity  to 
cleave  highly  purified  pili  w'ith  at  least  one  cleavage  site  in  or 
near  the  highly  conserved  CNBR-2  domain  of  pilin  (106). 
Such  cleavage  of  pili  in  antigen-presenting  macrophages  may 
alter  the  domains  of  pilin  thought  to  be  important  in  biologic 
and  immunologic  activity.  Cathepsin  G  is  a  much  weaker 
protease  than  elastase.  but  it  can  degrade  PHI  and  the  major 
iron-regulated  OMP  termed  MIRP  .17  (99).  The  PIA  molecule 
appears  to  be  somewhat  resistant  to  cathepsin  G.  but  the  PIB 
subclass  can  be  degraded  (Shafer  et  al..  unpublished).  Other 
hydrolyses  in  granules  may  also  participate  in  digestion  of 
the  gonococcal  cell  envelope.  Certainly  lysozyme  (present  in 
both  specific  and  azurophil  granules  [104))  may  have  a  role  in 
degrading  gonococcal  PG  in  phagolysosomes.  An  unrelated 
lysosomal  enzyme  has  been  described  by  Striker  et  al.  (108) 
that  is  activated  by  acidic  conditions  and  appears  to  remove 
terminal  glucosamine  residues  in  PG.  Since  this  enzyme  is 
activated  by  acidic  conditions,  it  probably  performs  a  PG- 
modifying  activity  in  the  terminal  stages  of  phagolysosome 
development  when  the  environment  is  acidic.  The  number  of 
lysosomal  hydrolyses  that  can  attack  substrates  like  PG 
( 108)  may  give  rise  to  diverse  types  of  PG  fragments  that  are 
thought  to  be  liberated  in  vivo  and  may  regulate  human 


physiologv.  In  this  respect,  recent  studtes  by  Powers  and 
Shafer  (unpublished  observations)  indicate  that  cathepsin  G 
can  cleave  PG  fragments  of  strain  RD.*'  liberated  after 
digestion  with  l>soz>me.  Cathepsin  G  cleavage  of  PG  was 
predicted,  since  molecular  modeling  of  the  active  site  of 
cathepsin  G  revealed  that  diaminopirr.clic  acid  fits  into  the 
active  site. 

What  is  the  fate  of  the  gonococcal  antigens  liberated  from 
digested  gonococci  or  modified  after  the  antigens  themselves 
have  been  degraded',’  Is  their  presence  in  tissues  and/or  fluids 
significant  for  the  pathology  of  the  different  forms  of  gonor¬ 
rhea’  Do  they  have  immunomodulatory  activities  ’  For  in¬ 
stance.  both  gonococcal  PG  and  EPS  have  toxic  activities 
when  prepared  from  bacteria  grow  n  under  laboratory  condi¬ 
tions,  What  are  their  activities  in  vivo  after  being  processed 
by  phagocytic  cells'.’  Answers  to  these  questions  are  not 
available.  However,  this  should  be  a  fertile  area  of  research 
in  years  to  come,  particularly  since  more  information  is 
becoming  available  regarding  the  structure  of  gonococcal 
LPS  and  PG.  as  well  as  the  PMN  hydroivses  that  modify 
their  structure. 
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The  purpose  of  this  review  is  to  present  the  currently 
available  information  on  genetic  loci  that  have  been  identi¬ 
fied  in  Neisseria  ponorrhocui  and  Neisseria  ineninyiiidis. 
We  will  include  genes  that  were  identified  by  mutations  that 
alter  the  phenotype  of  the  organism,  if  the  gene  was  trans¬ 
ferred  into  another  genetic  background,  and  genes  whose 
products  were  well  characterized,  even  if  the  genes  were  not 
identified  by  mutation.  We  also  will  include  genes  that  were 
cloned  and  identified  either  by  complementation  of  Esche¬ 
richia  coli  mutations  or  by  identification  of  the  gene  product. 

GENETIC  NOMENCLATURE 

We  will  attempt  to  establish  genetic  nomenclatures  for 
these  genes,  following  the  guidelines  of  Demerec  et  al.  (29), 
i.e..  assigning  a  three-letter  lowercase  designation  for  the 
gene  family,  followed  by  a  eapital  letter,  as  appropriate. 
Genes  that  have  been  identified  by  complementation  of 
well-characterized  £'.  coli  mutants  will  be  given  the  corre¬ 
sponding  genetic  symbol,  if  appropriate.  This  is  not  meant  to 
imply  that  the  neisserial  gene  encodes  the  same  enzyme  as 
the  E.  coli  gene,  but.  rather,  that  it  encodes  an  enzyme  that 
performs  the  same  function  in  converting  the  substrate  into 
the  product.  For  cloned  neisserial  genes  that  were  identified 
bj  the  gene  products,  which  are  not  found  in  E.  coli,  we  will 
use  the  previously  published  nomenclatures,  except  for 
genes  whose  names  have  been  changed  by  agreement  of 
researchers  attending  the  Sixth  International  Pathogenic 
Neisseria  Meeting.  October  1988.  Genes  that  were  identified 
and  named  in  N.  ftonorrhoeae  should  be  given  the  same  gene 
symbol  if  they  are  subsequently  found  to  occur  in  N. 
meningitidis,  and  vice  versa. 

Since  N.  ^onorrhoeae  and  N.  meninpitidis  contain  several 
copies  of  closely  related  genes,  a  special  nomenclature  has 
been  agreed  upon  to  identify  these  genes.  This  consists  of 
giving  the  genetic  symbol  following  by  a  subscript  notation 
that  identifies  the  strain  containing  the  gene  with  a  designa¬ 
tion  of  the  allele  number.  For  example,  the  protein  lib  gene 
from  N.  fionorrhoeae  FA1090  would  be  Genetic 

designations  for  these  multicopy  genes,  e.g.,  as  opaA.  are 
not  to  be  given  until  the  gonococcal  chromosome  has  been 
genetically  or  physically  mapped  and  the  location  of  the  gene 
on  the  map  has  been  determined. 

New  genetic  symbols  or  proposed  revisions  of  old  nomen¬ 
clature  are  to  be  approved  by  Virginia  L.  Clark,  Department 
of  Microbiology  and  Immunology,  Box  672,  School  of  Med¬ 
icine  and  Dentistry.  University  of  Rochester.  Rochester. 
New  York.  She  will  also  assign  allele  numbers  to  designate 
mutations  in  specific  genes  upon  written  request.  It  is  hoped 
that  this  coordination  in  genetic  nomenclature  for  N.  ftonor- 
rhoeae  and  N.  meninpitidis  will  prevent  confusion  that  may 
arise  if  different  laboratories  assign  their  own  genetic  desig¬ 
nations. 

*  Corresponding  author. 


,V.  GONORRHOEAE  LABORATORY  STRAINS 

Comparisons  of  results  from  different  laboratories  are 
sometimes  difficult  owing  to  the  use  of  different  strains  that 
may  vary  in  their  genetic  composition.  Therefore,  we  would 
like  to  briefly  review  the  laboratory  strains  that  have  been 
used  in  these  studies.  The  most  commonly  used  laboratory 
strains  arc  listed  in  Table  1.  along  with  available  information 
regarding  their  history  and  genetic  markers. 


GENETIC  MARKERS  IN  N.  GONORRHOEAE 

Gonococcal  genetic  markers  identified  by  transformation, 
by  characterization  of  the  gene  product,  or  by  cloning  are 
listed  in  Table  2.  and  the  limited  genetic  map  is  shown  in  Fig. 
1.  It  should  be  noted  that  the  genetic  map  contains  a  number 
of  ribosomal  protein  mutations  (.v/r.  fus.  tet.  cap.  and  spe) 
and  a  subunit  of  ribonucleic  acid  polymerase  (n/);  ribosomal 
protein  genes  have  been  shown  to  be  clustered  in  other 
organisms  (6).  so  it  is  not  surprising  to  find  them  clustered  in 
N.  ponorrhoeae .  The  other  genes  that  have  been  shown  to 
be  linked  in  this  region  are  probably  involved  in  peptidogly- 
can  biosynthesis  (ampD.  ampC.  ampB.  ampA.  and  penB)  or 
outer  membrane  structures  (por.  sac-1,  sac-3,  mom.  and 
tern).  The  genes  linked  to  this  region  that  encode  enzymes 
involved  in  monomer  synthesis  [tira.  arpE.  and  hyx)  are 
found  flanking  the  region,  rather  than  within  it. 

in  addition  to  the  limited  genetic  map,  which  represents 
approximately  30f  of  the  gonococcal  chromosome  (19). 
physical  maps  linking  various  gonococcal  genes  have  been 
generated.  The  largest  portion  of  the  gonococcal  chromo¬ 
some  that  has  been  physically  mapped,  using  chromosome 
walking  techniques,  is  50  kilobase  pairs  and  contains  the  two 
pilus  expression  sites,  a  pilus  silent  gene  region,  and  a 
protein  II  gene  (75,  113). 

Little  is  known  regarding  genetic  organization  and  control 
of  gene  expression  in  N.  ponorrhoeae.  No  repressors  or 
activators  have  been  identified  by  either  classical  genetic  or 
gene  cloning  techniques.  However,  repression  of  outer 
membrane  protein  synthesis  by  iron  (123)  and  oxygen  (25) 
suggests  that  regulatory  proteins  do  exist  in  N.  ponorrhoeae. 
Additionally,  two  genes.  pilA  and  pilB,  that  act  in  trans  to 
regulate  the  pilin  promoter  have  recently  been  described 
(117).  The  pilB  gene  product  represses  pilin  expression, 
whereas  the  pilA  gene  product  activates  the  pilin  promoter. 

No  evidence  exists  that  gonococcal  genes  are  organized 
into  operons.  with  multiple  genes  under  the  control  of  a 
single  promoter.  The  cloned  proA  and  proB  loci  are  contig¬ 
uous  but  are  under  the  control  of  separate  promoters  (110). 
It  is  possible  that  most  gonococcal  genes  contain  their  own 
promoter,  analogous  to  the  genetic  organization  tvf  Pseudo¬ 
monas  aeriipinosa  (54)  rather  than  E.  coli  (6). 
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I'ABLh  1.  Characteristics  of  common  laboratory  strains  of  iV.  nnnurrhaeue 


Strain 

Genotype  andv)r  relevant  phemuvpic  characierislKV' 

Commcnls^' 

Referent  cts)" 

ATCC  19424 

Met  Dam  .  PI  A- 1.2 

Type  strain 

119,  121 

F62' 

pro.A  v(i(-.t  (Sac').  Lf  Dam  .  PIB-7.  antibiutic 
susceptible 

More  readily  transformed  than  other  gonococcal 
strains 

58.  58,  78,  97, 
110.  119.  D 

FA19-' 

Prototropbic.  sac-l  .\ac-J  (.Sac").  Lf ' .  Pl.A-l, 
methylation  of  the  DN.A  set^uence  GCiCC. 
antibiotic  susceptible 

Used  for  much  of  the  genetic  mapping  of  the 
goniKoccal  chromosome 

78.  95.  97.  105. 
C.  E 

FA1090' 

Pro  Str'  but  susceptible  to  other  antibiotics. 

.Sac’,  PIB 

Used  for  studies  of  protein  II  antigeni'’  and  phase 
variation;  monoclonal  antibodies  specific  for 
various  protein  II  types  have  been  made 

9.  B.  C 

MSll,,,; 

Prototrophic;  pilEI '  /  ilE2 ' .  PIB-9.  Str'; 
methylation  of  DN.A  sequences  PuGCGCPy. 
CCGCGG,  and  GCCGGC;  restriction 
endonuclease  activity  against  DNA 
sequence  GCCGGC 

Uscit  for  studies  of  pilin  expression  and  antigenic 
variation 

28,  75.  A.  C,  E 

P9 

Dam  ;  methylation  of  DN.A  sequences 
PuGCGCPy.  GGCC,  CCGCGG,  GCCGGC. 
GGNNCC;  restriction  endonuclease  activity 
against  DNA  sequences  GGCC.  CCGCGG 

Used  for  studies  of  pilin  antigenic  variation; 
isogenic  variants  of  P9  have  been  isolated  that 
produce  immunologically  distinct  pili 

28.  65.  84.  114 

1.542" 

Arg  .  PIB-1 

Prototype  strain  for  LPS  serotype  GC, 

1-4.  58 

1291" 

Prototrophic,  PlB-1 

Prototype  strain  for  LPS  serotype  GC. 

l-»,  58 

4.50.5" 

Prototrophic.  P1B-.5 

Prototype  strain  for  LPS  serotype  GC, 

1-4,  58 

8.5.5  T' 

Pro  .  PlB-4 

Prototype  strain  for  LPS  serotype  GCj 

1-4.  58,  66 

PID2 

Prototrophic.  P1B-.5 

Prototype  strain  for  LPS  serotype  GC, 

5.  4.  58 

.589.5 

Prototrophic.  Pl.A-l 

Prototype  strain  for  LPS  serotype  GC^ 

5.  4.  58 

JW.51R 

Prototrophic,  pyocin  resistant,  serum  sensitive 

Pyocin-resistanl  mutant  of  strain  JW.51  which  has 
lost  the  LPS  variable  and  serotype  antigens  but 
has  retained  the  common  LPS  determinants 

81 

"  Symbols:  pmA.  remiiremenl  for  proline;  w/c ,  resistance  to  the  bactericidal  activity  of  normal  human  serum;  Lf.  utilization  of  lactoferrin  as  a  sole  source  of 
iron;  Dam.  melhylation  of  adenine  in  GATC  sequences;  PI.  protein  1  serovar  1 1 18l;  Str".  streptomycin  resistance;  pHE.  pilin  expression  locus:  Arg  .  Met  .  and 
Pro  .  requiremeT’'  for  arginine,  methionine,  or  prolinc.  respectively;  LPS.  lipopolysaecharide. 

'■  Numbers  refer  to  Literature  Cited,  Letters  refer  to  abstracts  or  personal  communications  from  the  listed  individualtsi;  (At  R.  H.  Chien.  D.  C.  Stein.  H.  S. 
.Seifert.  K.  Floyd,  and  M.  So.  Abstr.  .Annu,  Meet.  .Am.  Soc.  Microbiol.  1988.  K41.  p.  21.f ;  (B)  J.  G.  Cannon.  (Cl  N.  Carbonetti;  (D)  P,  F.  Sparling;  (El  D.  C.  Stein. 

'  .V.  vonorrhueuf  F62  was  isolated  from  the  urethra  of  a  female  at  the  Fulton  County  Health  Department.  Atlanta.  Ga..  in  19h2,  Human  volunteers  vrere 
infected  with  this  strain  to  demonstrate  that  virulence  was  genetically  linked  to  elonal  variation  (581. 

■'  .V.  vimonhoetw  FA19  is  a  urogenital  isolate  from  the  Far  East  (P.  F.  Sparling,  personal  communication).  It  is  strain  Ceylon  .5  from  the  collection  of  A.  Reyn 
and  was  obtained  from  her  by  P.  F.  Sparling  in  1970.  It  was  lyophilized  by  .A.  Reyn  in  1962.  The  antibiotic  susceptibilities  of  FA19  are  typical  of  those  from  strains 
isolated  in  (he  preantibiotic  era  and  are  as  follows  (expressed  in  micrograms  per  millililerl:  penicillin.  0.007;  tetracycline.  0.2.5;  chloramphenicol.  0.5; 
ervthromycin.  0.25;  rifampin.  0,12;  fusidic  acid.  0.12;  Triton  X-lOO,  0.5;  acridine  orange.  100;  and  crystal  violet.  4.0  (9.5.  94.  105). 

‘  .V.  aononluwm'  F.A1090  is  a  cervical  isolate  from  a  patient  with  disseminated  goniKOCcal  infection  and  was  isolated  in  North  Carolina  in  1976  (J.  G.  Cannon, 
personal  communication). 

'  .V.  nonorrluieue  MSll  is  from  the  collection  of  E.  Gotschlich.  The  RvKkefcllcr  University.  New  York.  N.Y..  and  was  initially  isolated  at  the  Mount  Sinai 
School  of  Medicine.  New  York.  N  .  Y  .  in  1970.  MS11„,  was  obtained  from  the  collection  of  E.  Gotschlich  by  M,  So  and  T.  F.  Meyer  (77).  /V.  gomirrhoeae  MS11„^ 
dififers  from  MS11,„^  in  that  the  pitE2  locus  is  deleted.  MSI  was  obtained  by  J,  M.  KtHtmey  and  J.  Swanson  from  stiKks  supplied  by  G.  Schtxtlnik.  who  serially 
passaged  them  from  the  collection  of  E.  Gotschlich  (116) 

"■  Isolated  in  Buffalo.  N  Y.  (.58). 

Urogenital  isolate  from  Norway  (66). 


CLONED  iV.  GONORRHOEAS  GENES  AND 
CODON  USAGE 

The  ability  to  clone  genes  that  are  readily  expressed  in  E. 
colt  has  greatly  enhanced  the  identification  of  genetic  loci  in 
N.  f>onorrhoeae.  The  genes  that  have  been  cloned  from  N. 
gonorrhoeae  are  listed  in  Table  3.  A  variety  of  vectors, 
including  lambda  bacteriophage  derivatives,  plasmids, 
cosmids,  and  phasmids,  have  been  used  to  clone  gonococcal 
genes.  The  plasmid  pBR322  has  been  used  effectively  for 
cloning  genes  that  are  not  lethal  to  E.  coli.  whereas  lambda 
gtll  has  proven  effective  for  cloning  portions  of  the  protein 
I  (por)  gene  and  for  cloning  the  protein  III  irmp)  gene.  It 
appears  to  be  necessary  to  use  restriction-deficient  E.  coli 
strains  (McrB^  HsdR  ),  in  most  cases,  to  obtain  high 
cloning  efficiencies  (13,  92,  109,  114). 

Several  of  the  cloned  gonococcal  genes  have  been  se¬ 
quenced.  and  the  N.  ponorrhoeae  codon  usage  for  these 
genes  is  listed  in  Table  4.  Codon  usage  tables  are  useful  for 
identifying  protein-coding  regions  in  a  nucleotide  sequence 


(47.  108),  locating  deoxyribonucleic  acid  (DNA)  sequencing 
crrois  (47,  108),  and  constructing  oligonucleotide  probes 
from  amino  acid  sequences.  In  E.  coli  there  is  a  different 
pattern  of  codon  usage  depending  on  the  level  of  expression 
of  a  particular  gene  in  a  cell  (46,  48).  Even  though  the  11 
gonococcal  genes  which  were  examined  could  aii  be  consid¬ 
ered  highly  expressed  genes  (i.e.,  present  in  more  than  10 
protein  molecules  per  cell,  as  opposed  to  the  small  number 
of  regulatory  protein  molecules  per  cell),  the  N.  ponor- 
rhoeue  codon  usage  pattern  most  resembles  that  of  E.  coli 
non-highly-expressed  genes,  such  as  the  lambda  and  lac 
repressors.  This  difference  in  codon  usage  cannot  be  ex¬ 
plained  by  differences  in  guanine-plus-cytosine  content, 
since  the  guanine-plus-cytosine  content  of  N.  ponorrhoeae  is 
similar  to  that  of  E.  coli.  The  pattern  of  codon  usage  in  the 
pilin  genes  is  most  different  from  that  in  the  other  gonococcal 
genes  examined,  with  a  much  more  biased  use  of  cytosine  in 
codon  position  3.  Codons  which  are  rarely  used  by  N. 
ponorrhoeae  are  glycine  (GGG),  arginine  (AGG,  AGA,  and 
CGA),  and  leucine  (CTA). 
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T.ABLL  2.  Genelic  markers  of  N.  nonorrluicae 


Gene 

symbol 

Mnemonic 

Linkage 

association" 

Alternutivc  gene  symbi>ls:  phenotypic  trait  affected 

Referenccts)'’ 

oniA 

.‘\naerobically  induced 

Major  anaerobically  induced  outer  membrane 
protein  (Pan  1) 

25 

ampA 

.Ampicillin 

cap 

Low-level  resistance  to  ampicillin 

5.S 

anipB 

.\mpicillin 

.sir.  fu.s 

Low-level  resistance  to  ampicillin 

5.3 

ampC 

.Ampicillin 

rif.  .sir 

Low-level  resistance  to  ampicillin 

5.3 

uinpD 

.Ampicillin 

rif 

Low-level  resistance  to  ampicillin 

.S.S 

arvA 

Arginine 

Complementation  of  argA  mutation  of  E.  coli 

NK5992  and  W.^421;  acetylglulamate  synthetase 

23,  1 

ari^’B 

.Arginine 

Complementation  of  arnB  mutation  of  E.  eoli 
30SOMA4 

I 

arnt 

Arginine 

penB.  Iiy.x 

arpJ:  complementation  of  arnE  mutation  of  E.  eoli 
AB1157  and  AT25,38;  ornithine  acelyltransferase 

.•i.  22,  23.  98.  F.  1 

ornF 

Arginine 

arnl:  complementation  of  arni  mutation  of  E.  eoli 

N166  and  orgF  <irg/  mutation  of  E.  e<ili  N134; 
ornithine  transcarbamylase 

22.  98,  F.  1 

arnd 

Arginine 

Complementation  of  arfiG  mutation  of  E.  eoli  UQ27 

23.  I 

cap 

Chloramphenicol 

tets  spe 

earn,  ehl:  low-level  resistance  to  chloramphenicol 

68,  93.  105 

carA 

carB 

ear-1:  requirement  for  ornithine  or  arginine; 
complementation  of  earA  mutation  of  E.  eoli 

FP178;  small  subunit  of  carbamoyl-phosphate 
synthetase 

22.  99.  1 

eurB 

carA 

ear-2:  requirement  for  ornithine  or  arginine; 
complementation  of  earB  mutation  of  E.  eoli 

JEF8;  large  subunit  of  carbamoyl-phosphate 
synthetase 

22.  99.  I 

deinA' 

DNA  cytosine  melhylase 

DNA  melhylase  M.A'goPl;  recognition  sequence 

5 -PuGCGCPy-3' 

28.  114 

deniB' 

DNA  cytosine  melhylase 

DNA  melhylase  M./VgoPlI;  recognition  sequence 
.V.GGCC-3' 

28.  114.  115 

demiy 

DNA  cytosine  melhylase 

derD 

DNA  melhylase  M..Vg()Ml;  recognition  sequence 
.V-GCCGGC-3' 

28.  D.  E 

deinC 

DNA  cytosine  melhylase 

derE 

DNA  melhylase  M./VgoBlII;  recognition  sequence 
5'-GGNNCC-3' 

28.  J 

deriy 

deniD 

Restriction  endonuclease  R.iVgoMl;  recognition 
sequence  5'-GCCGGC-3' 

28.  D.  E 

dert' 

deinE 

Restriction  endonuclease  R./VgoBllI;  recognition 
sequence  5'-GGNNCC-3' 

28 

dud 

DNA  uptake  deficient 

Failure  to  take  up  DNA  into  a  deoxyribonuclease 
(DNase)-resistant  state;  abnormal  colony 
morphology 

10a.  C 

env-l 

Envelope 

en\-3 

envA:  nonspecific  increased  sensitivity  to 
antibiotics,  dyes,  and  detergents;  complete 
phenotypic  suppression  of  mir  and  penB:  40% 
decrease  in  cross-linking  of  peplidoglycan; 
fivefold  reduction  in  quantity  of  .S2.(XX)  mol  wt 
outer  membrane  protein 

35,  50,  71,  94, 

106 

env-J 

Envelope 

env-l 

envB:  nonspecific  increased  susceptibility  to 
antibiotics,  dyes,  and  detergents;  20%  decrease 
in  cross-linking  of  peplidoglycan 

.35.  50.  71,  94. 

106 

env-IO 

Envelope 

Increased  susceptibility  to  drugs,  dyes,  and 
detergents 

96 

cry 

Erythromycin 

spe 

Low-level  resistance  to  erythromycin 

68 

iFp 

Iron-binding  protein 

Structural  gene  for  an  iron-binding  outer  membrane 
protein  (37.000  daltons) 

80.  A 

frp 

Iron-repressible  protein 

Family  of  outer  membrane  proteins  expressed 
under  conditions  of  iron  starvation 

85,  123 

fhuB 

Ferric  hydroxamate  uplakv. 

Complementation  of  fhiiB  mutation  of  E.  eoli 

BN3.3()7  and  BU736 

124 

fud 

Iron  uptake  deficient 

Deficient  in  iron  acquisition 

* 

fas 

Fusidic  acid 

Mr.  tet 

Resistance  to  fusidic  acid 

104 

h',p 

Heat  shock  protein 

Family  of  proteins  whose  expression  increases 
after  a  shift  up  in  temperature 

59 

/iv.r 

Hypoxanthine 

arfiE 

Requirement  for  hypoxanthine 

5.  72 

iiia 

Immunoglobulin  A 

Immunoglobulin  A  protease 

61,  90 

la:. 

Lipid-modified  a/,urin 

Azurin-related  outer  membrane  protein; 
recognized  by  monoclonal  antibody  H,8 

42,  43 

Continued  on  foUowinn  pane 


voi , 

1989 

GKNLTlf  LOCI  AND  LINKAGLS  IN  SEISSERIA 
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SPECIE.'-'  S9;i 

Gene 

symbol 

Mnemonic 

Linkage 

association" 

Alternative  gene  symbols;  phenotypic  trait  atTecied 

Rcfcrcnccisj'' 

IdhA 

Lactate  dehydrogenase 

Membrane-bound  lactate  dehydrogenase 

B 

IdhB 

Lactate  dehydrogenase 

Soluble  lactate  dehydrogenase 

B 

lip 

Lipoprotein 

Outer  membrane  protein  recognized  by  monoclonal 
antibody  H.8 

12.  5,1.  L 

Ips-l 

Lipo  poly  saccharide 
synthesis 

!os\  produces  new  lipopolysaccharide  band  in  E. 
coli  HBlUl  which  is  recognized  by 
anligonococcal  antiserum 

86 

lps-2 

Lipopoly  saccharide 
synthesis 

/<>.v;  biosynthesis  of  lipopolysaccharide; 
complementation  of  pyocin-resislant  phenotype  of 
;V.  ftonorrhoeue  FA51(X) 

G 

Ips-J 

Lipopoly  saccharide 
synthesis 

los:  biosynthesis  of  lipopolysaccharide; 

complementation  of  pyocin-resistant  phenotype  of 

N.  I’onorrhoeae  FAS  100 

G 

m{>m 

Modifier  of  inir 

penB 

Phenotypic  suppression  of  niir\  reduction  of 
resistance  to  benzylpenicillin.  oxacillin, 
erythromycin,  and  novobiocin  mediated  by  niir 

ItX) 

niir 

Multiple  transformable 
resistance 

ery-2:  low-level  resistance  to  penicillin,  tetracycline, 
erythromycin,  chloramphenicol,  rifampin,  and 
fusidic  acid  and  increased  resistance  to  dyes  and 
detergents;  fivefold-increased  amount  of  a  52.(KX)- 
dallon  outer  membrane  protein;  .lOf-r  increase  in 
cross-linking  of  peptidoglycan 

40.  49.  50.  67-69. 
lO.L  105.  106. 
122 

ineiB 

Methionine 

Complementation  of  metB  mutation  of  E.  coli  x342 

89 

nsr‘' 

Nonspecific  resistance 

inir.  low-level  resistance  to  antibiotics;  does  not 
alter  the  amounts  of  a  .S2.000-dalton  membrane 
protein  as  does  mtr 

14.  19 

nlr-2 

Nontransformable 

Inability  to  be  transformed  by  plasmid  or 
chromosomal  DNA;  normal  DNase-resistant 

DNA  uptake;  normal  colony  morphology 

10a.  C 

ntr-5 

Noniransformable 

Inability  to  be  transformed  by  chromosomal  DNA; 
normal  DNase-resistant  DNA  uptake 

10a.  C 

omc 

Outer  membrane  complex 

Structural  gene  for  the  outer  membrane  protein- 
macromolecular  complex  (76.(XX)  daltons) 

82.  K 

opa 

Opacity 

pilEI- 

Outer  membrane  protein  II  structural  gene 

26.  74.  95.  11.1 

oxiA 

Oxygen  induced 

Oxygen-induced  outer  membrane  protein  (28.000 
daltons) 

25.  .16.  17 

pern 

Penicillin  modifier 

Modifier  gene  affecting  resistance  to  penicillin 

121 

penA 

Penicillin 

Penicillin-binding  protein  PBP-2;  penicillin- 
susceptible  enzyme  involved  in  peptidoglycan 
synthesis  at  cell  division;  four-  to  eightfold 
increased  resistance  to  penicillin  without  affecting 
response  to  other  antimicrobial  agents 

7.  11.  .12.  40.  101. 
105.  106.  107 

penB 

Penicillin 

por.  spe 

Nonspecific  low-level  resistance  to  penicillin, 
tetracycline,  and  nalidixic  acid 

24.  27.  40.  100. 
101.  105.  106 

pilA 

Pilin 

pilE 

Gene  product  activates  the  pilE  promoter  in  E.  coli 

117 

pilB 

Pilin 

pilE 

Gene  product  negatively  regulates  pilE  promoter; 
insertional  inactivation  of  pllB  results  in 
hyperpiliated  gonococci 

117 

pilE 

Pilin 

opa*' 

Expressed  locus  for  pilin  structural  gene 

74.  75.  77.  Ill 

pits 

Pilin 

opa* 

Silent  (nonexpres.sed)  locus  for  pilin  structural  gene 

51.  74.  75.  Ill 

por 

Porin 

spc.  penB 

ninp\  outer  membrane  protein  I  structural  gene 

17.  20.  21.  45 

proA 

Proline 

proB 

Complementation  of  proA  mutation  of  E.  coli  x463 

110 

proB 

Proline 

proA 

Complementation  of  proB  mutation  of  E.  coli  x340 

110 

proC 

Proline 

Complementation  of  proC  mutation  of  E.  coli  x278 

H 

pyrB 

Pyrimidine 

Aspartate  transcarbamylase 

99 

pyrE 

Pyrimidine 

pyr-2'.  orotate  phosphoribosyltransferase 

99 

recA 

Recombination 

Homologous  recombination  and  DNA  repair 

61 

rif 

Rifampin 

ura,  sir 

Resistance  to  rifampin 

5.  91 

rmp 

Reduction  modifiable 
protein 

Outer  membrane  protein  111  structural  gene 

42.  44 

sac-l 

Serum-antibody- 

complement 

penB 

Resistance  to  the  bactericidal  activity  of  normal 
human  serum 

18 

Serum-antibody- 

complement 

penB 

Resistance  to  the  bactericidal  activity  of  normal 
human  serum;  alteration  in  lipopolysaccharide 
structure 

97.  112 

Continued  on  followinf;  pufte 
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Mk  kdbiui  .  Ri  V 

Gene 

symbol 

Mnemonic 

Linkage 

assouialion' 

Alternative  gene  svniN>ls.  phemilvpic  (rail  allecteo 

Rtf!'cicncc(s(^' 

spe 

■Spectinomycin 

( ap.  penti 

High-level  resistance  to  spectinomycin;  alteration  of 

5l».S  rihosomal  subunit 

70.  9.5 

Str 

Streptomycin 

rit.  Ills 

High-level  resistance  to  streptomycin;  altcralion  of 

5I)S  hhosomal  subunit 

6K.  70.  95 

iCffl 

Tetracycline  modifier 

Modifier  gene  affecting  resistance  to  tetracycline 
and  penicillin 

122 

tcl 

Tetracycline 

(ns.  enp 

Low-level  resistance  to  tetracycline 

6X.  95.  10“; 

trpE 

Tryptophan 

C'omplemcntation  of  trpE  mutation  of/:  enli  K-12 

X47K 

J 

IS.V 

Temperature-sensitive 

growth 

Family  of  iineharacteri/ed  mutations  with  the 
common  phenotype  of  no  growth  or  poor  growth 
at  57  r 

111.  12' 

i/ra 

Vi’l 

Uracil 

rif 

Requirement  for  uracil 

Hypersusccptihility  to  vancomycin  and 
erylhromvcin 

5.  72 

V(U 

Vancomycin 

Hypersusccptihility  to  vancomycin 

60 

"  Linkage  assoeialions  refer  to  the  linkage  relationships  diagrammed  in  l  ig.  1  to  genes  shtv%^n  to  he  phvsiealK  linked 

'■  Numbers  refer  to  Literature  Cited.  The  asterisk  refers  to  a  gene  vvhich  has  not  >el  been  sho\^n  to  exist  in  .V.  ijixtortlun  tu- .  himeser.  rcsearcheis  jt  the  Sixth 
International  Pathogenic  Neisseria  Meeting  agreed  that  this  nomenclature  should  be  used  I  elters  refer  to  abstracts  i*r  perstmal  communications  from  the  listed 
individuals:  (A)  S.  A.  Berish.  T.  A.  Mietzner,  and  S.  A.  Morse;  R.  A  Jensen.  R.  K  Bhatnagar.  and  A  T  Hendrv .  tC)  (i.  His^as.  S  Lacks,  .md  P  P  Sparling. 
(D>  R.  Chien.  A.  Pierkarowic^.  and  D.  Stein;  (Li  R.  H.  Chicn.  D.  C.  Stem.  H.  S  Seifert.  K.  Floyd,  and  M  So..  Abstr  .Annu  Meet  .Am  SiK  Microbiol  I9KK. 
K4L  p.  21.^;  iF)  P.  R.  Martin.  D.  A.  Simpson,  and  M.  H.  Mulks;  iGi  F.  F.  Pelncoin  and  D.  C  Stem.  Absir  .Annu  Meet  Am  Siv  Microbiol  IVKK.  DIK".  p 
102;  (Hi  F.  Picard  and  J.  R.  Dillon;  (1)  F.  Picard  and  J.  R.  Dillon.  .Abstr.  .Annu.  Meet.  .Am.  Sih;.  Microbiol  19KH.  D17V  p  llKl;  tJi  I)  C  Stem.  (Ki  W  -M  Isai. 
and  C.  E.  Wilde  III;  (Li  J.  P.  Woixls.  S.  M.  Spinola.  S.  M.  Strobel.  and  J.  G.  Cannon. 

■  We  have  assigned  the  mnemonic  </<  m  to  genes  which  cncivde  a  DNA  cytosine  methyllransfcrase  and  the  mncmi>nic  •/<  r  to  corresptmding  restriction 
endonuclease  genes.  The  letters  A.  B.  i  .  />.  F.  G,  and  //  correspond  to  DNA  sequences  tmethylasc  specihcilicsi  S.  Veol.  S.  Vc'dl.  S  ,\  gollL  S  Vc'dV.  S  \  v«>V  . 
S  -VeoVIL  and  S.-VeoVIIL  respectively,  recognized  by  a  particular  cytosine  methyllransfcrase  or  restriction  endonuclease  as  described  hv  Davtcs  (2Xi 
Cannon  and  Sparling  (19)  h  e  designated  this  Ukus  nsr  to  distinguish  it  from  the  phcnotvpically  similar  but  gcnclicalK  dilTercnl  Ukus  mtr. 

'  In  ,V.  {!tmt>rrh<H'av  MSlln,.,.  three  protein  II  kKi,  opaE! .  i>puE2.  and  tt/uiliJ.  arc  adjacent  to  the  unlinked  pilin  k>ci.  pilhi .  piisy  and  pilS4.  rcspectivclv  (74, 
11.^).  Schwalbe  and  Cannon  (95)  showed  by  genetic  transformation  that  the  six  protein  11  liKi  in  \  i:i>fu>rrliiK'iu'  FAllWO  arc  unlinked 


GENETIC  MARKERS  AND  CLONED  GENES 
OF  MENINGITIDIS 

Much  less  work  has  been  done  on  identification  of  genetic 
markers  in  N.  meningitidis.  Genetic  markers  of  N.  ntenin- 
nitidis  arc  listed  in  Table  .S.  As  in  N.  n<morrliaeac.  no 
standard  laboratory  strain  has  been  used  for  the  majority  of 
these  studies.  N.  nieninnitidis  FAM18  (serogroup  C.  sero¬ 
type  2A).  isolated  from  the  cerebrospinal  fluid  of  a  patient 
with  meningococcal  septicemia,  was  used  to  isolate  the  gene 
encoding  the  H.8  lipoprotein  (lip)  and  to  demonstrate  amino 
acid  and  DNA  homology  between  the  class  5  outer  mem¬ 
brane  proteins  of  N.  meninpitidis  and  the  proteins  II  of  N. 
nonorrhoeae  (56):  it  was  also  used  to  identify  iron  uptake 
mutants  (33). 

CONCLUSIONS  AND  PROSPECTS  FOR  THE  FUTURE 

A  number  of  factors  have  been  responsible  for  the  inability 
to  generate  a  comprehensive  genetic  map  for  n<mor- 
rhoeae  or  N.  meninnitidis.  First  and  foremoM  is  the  small 


number  of  researchers  involved  in  studies  of  these  organisms 
as  compared  with  those  working  with  t.  cnii.  Second, 
neither  of  these  neisserial  species  contains  the  genetic  ma¬ 
nipulation  systems,  conjugation  and  transduction,  that  have 
enabled  the  interchange  of  large  DNA  fragments  between 
strains.  The  only  genetic  system  available,  transformation 
(102).  will  demonstrate  linkage  only  if  genes  are  within  about 
.50  to  40  kilobase  pairs  of  each  other  (19). 

A  third  factor  limiting  development  of  a  useful  genetic  map 
is  the  difficulty  in  obtaining  mutants.  N.  nonorrhoeac  does 
not  contain  the  error-prone  repair  systems,  found  in  some 
other  organisms  (16).  that  allow  the  high-frequency  genera¬ 
tion  of  mutants  in  a  mutagenized  population  Mutagens  such 
as  ultraviolet  light  or  methyl  methanesulfonate  kill  N.  pon- 
orrhoeae  without  producing  mutants  in  the  surviving  popu¬ 
lation.  The  effective  mutagens,  ethyl  methanesulfonate  and 
nitrosoguanidine.  introduce  lesions  that  result  in  mispairing 
and  enhance  the  frequency  of  gonococcal  mutants,  but  this 
enhancement  occurs  at  a  level  significantly  below  that  ob¬ 
served  with  other  bacterial  species.  In  addition  to  difficulties 


(  sac-1 ) 

( sac- 3) 

(mom) 

(ampD)  (tern)  (ampA)  (cry)  (por) 

—  ura - rif - ampC - str  —  ampB  —  fus - tet - cap - spe - penB - argE - hyx  — 

FIG.  1.  Linkage  relationships  of  chromosomal  markers  in  N.  gimnrrhocae.  This  map  is  based  on  mapping  data  obtained  from  several 
laboratories  and  with  several  strains  of  N.  nonorrhacae  (5.  17-19.  .S.S.  6K.  69,  9.5.  97.  100,  105-105,  122.  126).  Therefore,  the  distances  shown 
do  not  correlate  with  actual  genetic  or  physical  distances  on  the  gonoctKcal  chromosome.  Parentheses  around  a  marker  indicate  an 
uncertainty  about  its  position  relative  to  adjacent  markers.  An  explanation  of  the  genetic  symbols  is  given  in  Table  2. 


Voi  .  2, 

198V 

(iJ-NKIK'  l.OC  1  AM)  LINKACiKS  IN  MdSSBHlA  SPCCIKS 

l  ABl.K  A  C  loned  genes  Irom  .V.  Itmin' 

,S97 

Cicnc 
s>  mhol 

. cclor 

/..  i  oU 

ho^l 

patent 

ScleLlii»n  i>r  screening:  mciluKl 

Refer¬ 
ence  sT 

nri:A 

AKMB1.4 

NM339 

CHS  11 

l-Mic  fompIcmcnlaOiin  i>r  nuilatii)n  dI  /■..  tali  NK.^992 

and  W3421 

G 

m:mbi.4 

NM339 

CHSll 

l.Mic  coniplcmcntalion  o\  tirvB  mulalion  ol  C.  mli  30SOM.A4 

G 

\HMBl.4 

NM339 

CHSll 

Emic  compIciiKnIalion  of  arc’ll  mulalion  o(  li.  ooli  AB1137 

G 

iif'k'f'- 

pLci: 

.\r253S 

CUC'O 

I'omplcmcntalion  ol'orgE  mulalion  of/;,  tuli  A'I2.'3S 

13 

or^’t 

\hMBl,4 

NM539 

CHSll 

I.Mit  compicmcnialion  of  arvl  mulalion  ot'F.  mil  N106 

G 

uri^t 

pLci: 

N134 

CIX'30 

Compicmcnialion  of  ari;l-  ar^-l  mulalion  oft.  loli  N134 

1) 

urad 

m-;mbi.4 

NM339 

CHSll 

I  .Mii:  compicmcnialion  of  arvd  mulalion  ol'/-..  mli  CO!’"’ 

G 

( fiM 

\KMBl.4 

NM539 

CHSll 

I.Mic  compicmcnialion  of  itirA  mulalion  of/-.,  mli  1  i'l’K 

G 

iiirB 

\hMBL4 

NM339 

CHSll 

l.vlic  compicmcnialion  of  cut  B  mulalion  of/-.,  loh  II  IS 

G 

ilcinA 

pBR322 

RRl 

1*9 

Rcsislancc  ol' rccomhinani  placmids  lo  dige^lion  w  Oi  Ua,  II 

114 

di  niB 

pBR3:2 

RRl 

1*9 

Rcsislancc  ol  rccomhinani  plasmids  lo  digcsiion  vsri',  Ill 

114 

J,  ml) 

pHSS7 

GCh 

MSll 

Rcsislancc  ol' rccomhinani  plasmid  lo  digcsiion  uilh  .  .  I 

c 

JcniL 

pHC79 

HBlOl 

MCGllft 

Resislance  of  recombinant  plasmids  to  digestion  uiih  BnniH\. 
A7>/il.  and  .V<irl 

B.  H 

cU  rl) 

pH.S.S7 

GC6 

MSll 

Resislance  oC  recombinant  plasmids  to  digestiiin  with  .Vt/cl 

C 

Jcri: 

pHC79 

HBIDI 

ML'GllO 

Resistance  of  recombinant  plasmids  to  digestion  with  BunAW. 
Kpn{.  and  \tir\ 

B 

thp 

pi:  Cl  3 
pUClV 

JM1(I5 

E02 

H>hridi/alion  vsilh  //ip-spccilic  svnihclic  oligonuclcolidc 
prohcs 

A 

thiiB 

\.SH4 

RRl 

E.\19 

Compicmcnialion  of  IliiiB  mulalion  of/:,  toll  BL'73h  and 

BN  33117 

124 

iuil 

pRKG152 

HBUIl 

E02 

Cleavage  of  human  inimunoglohulin  A  as  assessed  hy  sodium 
dodccyl  sulfale-polyacrylamidc  gel  electrophoresis 

61 

iuo 

pBR322 

GCl 

MSll 

Filler  assay  using  radiolahclcd  human  inimunoglohulin 
aniihody  hound  lo  nilroccllulosc  via  its  secretory 
component 

52 

la: 

\gtll 

Vl(189 

RIO 

Immunoblotling  with  anii-prolcin  1  unliscrum 

42.  43 

lip 

\sep6 

LE392 

FA  1090 

Imnuinohlolting  with  monoclonal  aniihody  H.S 

12 

Ips-I 

pBR322 

HBlOl 

RUN43S3 

Colony  immunohlolling  with  aniigonococcal  outer  membrane 
antiserum 

S6 

lps-2 

pHC79 

HBlOl 

MUG116 

Compicmcnialion  of  pyocin-rcsistant  phenotype  of  .V, 

Siomtrrhtivac  FA51(K) 

E 

Ips-J 

pHC79 

HBlOl 

ML'GllO 

Complemenlalion  of  pyocin-resislanl  phenotype  of  A'. 
gonorrhoeal'  FA. 3  UK) 

E 

mi’tB 

pLKS2 

X?42 

JW31 

Complemenlalion  of  metB  mulalion  of  E.  l  oli  y342 

S9 

nal 

pHC79 

HBKIl 

MLGllA 

Transformalion  of  cosmid  library  inlo  ,V.  !>onorrhoeae 

F.A.3I(K)  wiih  seleclion  for  nalidixic  acid  resislance 

H.  1 

i>ni( 

xgtll  und 
\EMBL3 

Y1090 

and 

Y1088 

26S6 

Immunohlolling  with  amigonociKcal  ouler  membrane  prolein- 
macromolecular  complex  aniiserum 

J 

i>pa 

pBR322 

GCl'’ 

MSll,.., 

Colony  immunohlolling  with  anli-MSll  protein  II  antiserum 

113 

opa 

pBR322 

HBlOl 

FA  1090 

Colony  radioimmunoassay  with  monoclonal  antibodies 
specific  for  FA  1090  protein  II  variants 

26 

(f.xiA 

pBR322 

HBlOl 

RUN4(K)7 

Colony  immunohlolling  with  aniigonococcal  outer  membrane 
antiserum 

36.  37 

pcnA 

PBG5131 

TGI 

CIK'77-12461.‘! 

Transformalion  of  N.  nonorrhoeae  FA19  lo  increased 
penicillin  resislance  Isixfold) 

107 

penA 

pBG5131 

TGI 

I.M306.  FA  19, 
CDCS4-06041S. 
and  CDCS4- 
0603S4 

Hybridization  with  penA  gene  from  CDC77-124615 

107 

pilA 

pBR322 

GCl 

MSll,,., 

Charactcrizalion  of  previously  isolated  clones  containing  pilE 
and  opaEl 

117 

pilB 

pBR322 

GCl 

MSll,,., 

Characterization  of  previously  isolated  clones  containing  pilE 
and  opaE! 

117 

pilhP 

pBR322 

GCl 

MS11„„ 

Colony  immunohlolling  with  anii-pilin  antiserum 

77 

pilL' 

pBR322 

GCl 

P9 

Colony  immunoblotling  with  anIi-pilin  monoclonal  antibody 
•SMI 

87 

por 

pGEM-2 

HBlOl 

FA  19 

Hybridization  with  protein  lA-specific  synthetic 
oligonucleotide  probes 

21 

por 

pGEM-3 
and  \gtll 

HBlOl 

MSll 

Hybridization  with  protein  1-specific  synthetic  oligonucleotide 
probes 

20 

pt/r 

Aglll 

Y1089 

RIO 

Immunoblotling  with  anii-RlO  protein  IB  monoclonal 
antibodies 

4.S 

proA 

pLES2 

JM83 

KH43 

Complemenlalion  of  proAB  mutation  of  /;.  mli  JMS3 

110 

proB 

pl,E.S2 

JM83 

KH4.3 

Complemenlalion  of  pro  A  B  mutation  of  E.  toll  JM83 

110 
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x47S 

CHSll 

C'omplcmcntalion  of  proC  mutation  ol  E.  i  i>ti  x47S 

F 

nnp 

Xglll 

Yl()89 

KIO 

Imnuinohlolling  with  polytlonal  anti-pro'ein  1  antiserum 

42 

^i/(  —4 

pHC7V 

HBlOl 

JC'I 

Transformalioi  ot  V.  eoiuirrhociie  F6-  .o  scrum  resistance 

7.1 

ifi  A 

pRbCil.rt 

MB  101 

M-Sll,,,. 

Complementation  of  rci  4  mutation  of  E.  mli  HBlOl 

6.1 

nt 

pttC79 

HBlOl 

Mt’G116 

I'ransformation  of  cosmut  lihrary  into  .V.  ^intnnhociu- 
F.\51(K»  with  selection  for  rifampin  resistance 

H 

iipt\ 

pi.f;s: 

JMS.l 

JW.M 

Complementation  of  trpE  mutation  of/-.,  loli  K-12  x47H 

H 

■  NumK-rs  rclcr  to  Literature  CiteO.  L.elter^  refer  to  abstracts  or  personal  communications  from  the  listed  indis idiials:  lA)  S.  .A.  Bensh.  T.  A  Miel/nei.  and 
S  \  ^lol^e;  (Bt  R.  Chien.  \.  Piekarow ic/.  and  D.  Stein;  iC)  K.  H.  C'hien.  I).  C.  Stein.  H.  S.  Seifert.  K.  h'lovd.  and  M.  So.  .Ahsir.  .Annii.  Meet.  .Am.  Soc 
Microbiol  14SX.  K4!.  p  ll}.  iD»  P.  R.  Martin.  1).  .A.  Simpson,  and  M.  H.  Mulks.  iK)  li.  L.  Peiricoin  and  1),  C‘.  Stem.  .Abslr.  .Annu.  Meet.  .Am  ■'i>c.  Microbiol 
i'#xx.  Dls"’.  p.  m2.  iLi  h.  [*icard  and  J.  R.  Dillon;  tCil  H.  Picard  and  J.  R.  Dillon.  .Abslr.  .Annu  Meet.  .Am,  Soc.  Microbiol.  WSK.  DP.^.  p.  100.  (Hi  D  C  Stein, 
-hi)  C‘  Stem  and  T.  Cook;  (J)  \V.-M.  Tsai  .md  C.  L.  Wilde  III. 

'  /  i<<(i  (IC'l  IS  iK-12,  ,„■)  1.^2.  7"). 

\ddilional  evpresscd  and  silent  pilin  jienes  base  been  cloned  from  strains  M.Sll  i51.  75»  and  IN  iK.^l. 

■  We  have  designated  the  serum  resistance  allele  of  .V.  eo/iofr/u»cu<-  J(T  .vi/r Ihis  allele  ma\  be  identical  to  the  prcMoiisK  described  vru  J  allele  in  \. 

>iii>rrhni  (If  Lh2  m"’). 


r.ABl.K  4.  Codon  usage  in  S.  i!<*nnrrhtu'ai'“ 


,\min» 

acid 

(  odon'’ 

No, 

N('. 

1  ,()(>()•' 

Frac¬ 

tion' 

.Amino 

acid 

Codon 

No. 

No.. 

Frac¬ 

tion 

(ih 

GGG 

.11 

6.. 14 

0.07 

Trp 

TGG 

52 

10.63 

L(M) 

lilv 

GGA 

55 

11.24 

0.13 

End 

TGA 

10 

2.04 

o..<;o 

(il\ 

CiGf 

10.1 

21.05 

0.25 

Cvs 

TGT 

8 

1.63 

0.20 

GK 

GGC 

228 

46.6 

0.55 

Cys 

TGC 

32 

6..‘!4 

0.80 

Glu 

GAG 

40 

8.17 

0.18 

End 

TAG 

1 

0.2 

0.05 

Glu 

GAA 

187 

38.22 

0.82 

End 

TAA 

9 

1.84 

0.45 

Asp 

GAT 

121 

24,73 

0.44 

Tvr 

TAT 

87 

17.78 

0.51 

Asp 

Ci.AC 

152 

31.06 

0..16 

Tyr 

TAC 

82 

16.76 

0.49 

Val 

GTG 

54 

1 1 .04 

0.17 

Leu 

TTT 

106 

21.66 

0..10 

Val 

GTA 

67 

13.69 

0.21 

Leu 

TTA 

49 

10.01 

0.14 

Val 

GTT 

104 

21.25 

0.33 

Phe 

TTT 

76 

15.53 

0.45 

Val 

GTC 

9.1 

19.01 

0.29 

Phe 

TTC 

94 

19.21 

()..‘i5 

Ala 

GCG 

82 

16.76 

0.17 

Ser 

TCG 

33 

6.74 

0.10 

Ala 

GCA 

1.11 

26.77 

0.27 

Ser 

TCA 

54 

11.04 

0.16 

Ala 

GCT 

64 

13.08 

0.13 

Ser 

TCT 

85 

17.37 

0.25 

Ala 

GCC 

205 

41.90 

0,43 

Ser 

TCC 

76 

15.53 

0,22 

•Arg 

AGG 

23 

4.70 

0.07 

Arg 

CGG 

49 

10.01 

0.16 

•Arg 

•AG  A 

28 

5.72 

0,09 

Arg 

CGA 

29 

5.93 

0.09 

Scr 

AGT 

21 

4.29 

0.06 

Arg 

CGT 

67 

13.69 

0.22 

Ser 

AGC 

73 

14.92 

0.21 

Arg 

CGC 

112 

22.89 

0..16 

Lvs 

AAG 

58 

11.85 

0.15 

Gin 

CAG 

78 

15.94 

0.35 

l.vs 

AAA 

331 

67.65 

0.85 

Gin 

CAA 

146 

29.84 

0.65 

.Asn 

A  AT 

106 

21.66 

0.37 

His 

CAT 

51 

10.42 

0,45 

,Asn 

A  AC 

177 

.36.17 

0.63 

His 

CAC 

63 

12.88 

0.55 

Met 

A'fG 

60 

12,26 

l.(K) 

Leu 

CTG 

78 

15.94 

0.22 

lie 

ATA 

27 

5.52 

0.15 

Leu 

CTA 

25 

5.11 

0.07 

lie 

ATI 

67 

13.69 

0,36 

Leu 

CTT 

62 

12.67 

0.17 

lie 

AlC 

90 

18. .39 

0.49 

Leu 

CTC 

38 

7,77 

0.11 

Fhr 

ACG 

53 

10.83 

0.20 

Pro 

CCG 

74 

15.12 

0.37 

Thr 

ACA 

48 

9.81 

0  18 

Pro 

CCA 

j5 

7.15 

0.17 

fhr 

ACT 

45 

9.20 

0.17 

Pro 

CCT 

44 

8.99 

0.22 

Thr 

ACC 

117 

23,91 

0.44 

Pro 

CCC 

47 

9.61 

0,23 

"  7  he  program  CodonFreqiicncy  from  the  University  of  Wisconsin  Genet¬ 
ics  Computer  (iroiip  (70)  was  used  to  generate  codon  usage  tables  from  each 
of  the  aitnorrhtwar  genes  in  the  (icnBank  (release  .^b.  7/88)  and  EMBU 
(release  15.  4  88)  data  bases  (10.  1.*').  A  reference  codon  usage  table  was 
generated  from  the  individual  codon  usage  tables  for  the  following  genes: 
pdf  a  and  pilS!  from  M.Sl  1„,  . 75);  three  protein  II  genes  from  FA  UNO  (36); 


in  obtaining  mutants.  S.  !><>iu)rrhocov  docs  not  contain  a 
variety  of  genes  that  could  be  mutated  that  are  not  critical  to 
the  growth  of  the  organism,  such  as  the  variety  of  genes 
involved  in  catabolism  of  alternative  fuel  sources  that  arc 
found  in  E.  coli.  Thus,  there  are  fewer  mutations  available  to 
serve  as  genetic  markers  in  mapping  studies  in  A',  go/ior- 
rhocae. 

The  advent  of  recombinant  DNA  techniques  has  been 
invaluable  to  the  studies  of  genes  in  both  A',  fionarrhotuic 
and  N.  meningitidis-,  these  techniques  have  proved  to  be  a 
useful  alternative  to  classical  genetic  techniques.  We  expect 
that  the  isolation  of  neisserial  genes  will  continue  and  will 
greatly  expand  the  number  of  identified  genes  available  for 
linkage  studies.  New  technologies  are  continuing  to  become 
available,  and  the  one  that  may  prove  the  most  useful  in 
studies  of  the  genetic  organization  of  N.  ^onorrhoeae  and  N. 
rneninf’itidis  is  pulsed-field  electrophoresis.  The  discovery  of 
restriction  enzymes  that  recognize  8-base-pair  sequences 
and  the  ability  to  separate  very  large  DNA  fragments  by 
altering  the  orientation  of  the  electric  field  during  agarose  gel 
electrophoresis  has  enabled  researchers  to  physically  map 
the  E.  coli  chromosome  (101).  It  should  also  be  possible  to 
generate  physical  maps  of  the  gonococcal  and  meningococ¬ 
cal  chromosomes  by  this  technique,  especially  since  the 
neisserial  chromosomes  are  only  about  50'7r  of  the  size  of  the 
E.  coli  chromosome  (19).  Once  such  maps  are  developed, 
the  position  of  a  cloned  gene  on  the  map  could  be  easily 
determined  by  DNA-DNA  hybridization. 

If  physical  maps  are  developed  for  N.  ^onorrhoeae .  we 
strongly  suggest  that  they  be  done  with  one  or  more  of  the 
gonococcal  strains  that  are  the  most  frequently  studied  (e.g., 
see  Table  1).  We  also  urge  investigators  to  use  one  of  these 
strains  as  the  source  of  DNA  for  their  cloning  experiments, 
whenever  possible.  This  would  allow  mapping  of  the  loca¬ 
tion  of  the  cloned  gene  to  one  or  more  of  the  fragments 
whose  position  is  known  on  the  physical  map.  Both  N. 


the  protein  I  gene  from  FA19  (21);  pvnA  from  CDC77-134615  (107);  the  gene 
for  an  azurin-rclaled  protein  from  MSI  1  (4.7);  the  gene  for  protein  III  from  RIO 
(44);  the  immunoglobulin  A  protease  gene  from  MSlln,,  (90).  and  the 
M.NuoPW  DNA  melhyllransferase  gene  from  P9  (115). 

Total  number  of  codons.  4,897. 

‘  The  number  of  limes  a  codon  occurred  in  the  examined  sequences. 

The  number  of  limes  a  specific  codon  would  occur  per  1,000  codons. 

'  The  ratio  of  the  number  of  occurrences  of  a  specific  ctxlon  to  the  number 
of  occurrences  of  all  codons  in  the  same  synonymous  ctxlon  group. 
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CiKNi-  riC  I.OCI  AND  l.INKACihS  IN  MJSShHlA  SPKC'IKS  S99 
1  ABl.l'  5.  Cienctic  markers  ot  ,V.  menitif^itidis 


Gene 

s\mK)l 

Mnemonic 

Phcnolv p»c  liaji  allcctod  oi  cloned  eenc 

Cloning  or  mutagcncsiN  slratcgy 

Rcfcr- 

cnctf(s;" 

I7>v-/ 

Capsule 

Biosynthesis  and  assemhiy  i)f  group  H 
polv  saccharide  capsule 

pCOS2EMBl.  library  of  ,V.  meningitidis  B1940  in 
/;'.  eoli  (iCb  screened  with  monoclonal  antibody 

7h 

ip>-’2 

Capsule 

5  -Monophospho-.V-acetyl  neuraminic 
acid  s\  ntheta'e 

p.\CyC184  library  of  .V.  meningitidis  group  B 
was  screened  by  complementation  of  the 
corresponding  mutation  in  E.  <  nii  EV.x 

D 

Capsule 

A’-Acelylneuraminic  acid  synthetase 

p.-\CYClK4  library  of  iV.  meningitidis  group  B 
was  screened  by  complementation  of  the 
corresponding  mutation  in  E  tnii  FIV.x 

D 

thp 

Iron-binding  protein 

Iron-binding  outer  ntembrane  protein 

1 37. IKK)  dallonsi:  detected  by 
immunobloliing  w  ith  gonococcal  anli- 
Ihp  antisera 

80 

hr 

Iron-repressible 

protein 

Family  of  outer  membrane  proteins 
expressed  under  conditions  of  iron 
starvation 

11.  33.  34 

Iron  uptake  deficient 

Deficient  in  iron  act|uisllion  from 
transferrin 

Ethyl  methanesulfonate  mutagenesis  of  FAM20 
(a  Nal'  derivative  of  FAMISI  followed  by 
streptonigrin  enrichment 

33.  120 

hi‘i-.^ 

Iron  uptake  deficient 

Deficient  in  iron  acnuisition  from 
transferrin  and  hemoglobin 

Ethyl  methanesulfonate  mutagenesis  of  F.AM20 
followed  by  streptonigrin  enrichment 

33 

fiut-4 

Iron  uptake  deficient 

Deficient  in  iron  acquisition  from  ferric 
dicilrate.  transferrin,  lacloferrin. 
hemin.  and  hemoglobin 

•Streptonigrin  enrichment  of  log-phase  culture  of 
FAM20 

yy 

Iron  uptake  deficient 

Deficient  in  iron  acquisition  from  ferric 
dieitnite.  transferrin,  lacloferrin.  and 
hemin 

Streptonigrin  enrichment  of  log-phase  culture  ol 
FAM20 

33 

Hemoglobin  growth 
alteration 

Altered  ability  to  grow  with  hemoglobin 
tis  sole  iron  source 

Streptonigrin  enrichment  of  log-phase  culture  of 
FAM20 

33.  120 

Immunoglobulin  A 

Immunoglobulin  A  protease 

pBR325  library  of  N.  meningitidis  15S94  in  E.  enli 
HBlOl  screened  by  hybridization  with 
gonococcal  immunoglobulin  A  protease  probe 

62 

hi:. 

Lipid-modified  ttiturin 

Azurin-related  outer  membrane  protein 

pBR322  library  of  A.  meningitidis  FAM18  in  E. 
enli  HBlOl  screened  by  colony  immunoblotting 
with  monoclonal  antibody  H.8 

57 

ami 

Outer  membrane 
complex 

Struclurtil  gene  for  A.  goiiorriioctic 
oiiic  hybridizes  to  S.  iiu'iiiiigilUlix 

DNA 

E 

opu 

Opacity-associated 

protein 

Class  .3  outer  membrane  protein:  shares 
homology  with  iV.  gommlweae  opti 
including  pcntameric  repeat 

pBR32.‘'  library  of  A.  meningitidis  FAM18  in  E. 
enli  HBlOl  screened  by  colony  blot 
radioimmunoassay  with  monoclonal  antibodies 
H.21  and  H.22 

41.  .36 

oxiA 

Oxygen  induced 

Slruclurul  gene  for  /V.  gonorrhoctn- 
oxiA  hybridizes  to  A.  meningitidis 
DNA  and  anii-OxiA  antiserum  reads 
with  a  meningococcal  protein  of  the 
same  size 

.37 

pUE 

Filin 

Expressed  class  1  pilin  locus 

pBR322  library  of  A.  meningitidis  C.311  in  E.  enli 
GCl  screened  by  hybridization  with 
oligonucleotide  to  the  coding  sequence  of  the 
SMI  epitope  of  gonococcal  pilin 

91 

pilS 

Pilin 

Silent  (nonexpressed)  class  11  pilin 
locus 

pBR322  library  of  A.  meningitidis  Cl  14  in  E.  enli 
GCl  screened  by  hybridization  with  pilE  gene 
of  A.  gnnnrrhnetie  P9-2 

88 

porA 

Porin 

Class  1  outer  membrane  protein 
structural  gene 

Xgtll  library  of  A.  meningitidis  MC.IO  in  E.  enli 
Y1090  screened  by  immunoblotting  with 
antiserum  against  purified  outer  membranes 

8.  41.  A 

purl) 

Porin 

Class  2  and  3  outer  membrane  proteins; 
shares  DNA  homology  with  N. 
gontirr/ioeae  par:  antibody  to 
gonococcal  protein  IB  cross-reacts 
with  class  2  proteins 

\gtll  library  of  group  B  A.  meningitidis  screened 
with  a  monoclonal  antibody  against  A. 
gnnnrrhnene  protein  IB  and  by  hybridization 
with  a  synthetic  oligonucleotide 

41.  C 

rmp 

Reduction-modifiable 

protein 

Class  4  outer  membrane  protein;  shares 
DNA  homology  with  N.  gonorrboetie 
rmp:  antibody  to  gonococcal  protein 

III  cross-reacts  with  class  4  proteins 

kgtll  library  of  A.  meningitidis  BNCV  was 
screened  by  immunoblotting  with  a  monoclonal 
antibody  to  gonococcal  protein  III 

41.  B 

"  Numbers  refer  to  Literiiture  Cited  Letters  refer  to  personal  communications  from  the  following  individuals:  (A)  A.  K.  Barlow.  J.  E.  Hcckcls.  and  1.  N. 
Clarke;  fHt  K.  P.  Klugman  and  EL  C.  (iotschlich;  (Cl  K.  Murakami  and  f*.  C.  Clotschlich:  (Df  C.  Reid.  S.  Cianjufi.  T.  Wallis.  L  Roberts,  and  G.  Boulnois;  (Fl 
C  \.  Wilde  III 
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fionorrhoeae  and  N.  mvninf’itidis  have  been  shown  by 
restriction  length  polymorphism  studies  to  have  a  high 
degree  of  sequence  variability  (39,  64).  Thus,  it  is  anticipated 
that  the  physical  map  determined  by  using  pulsed-field 
electrophoresis  of  large  fragments  will  be  different  for  every 
strain.  The  use  of  only  a  few  strains  in  developing  these 
maps  and  in  cloning  experiments  will  allow  researchers  from 
different  laboratories  to  compare  their  data  much  more 
readily  and  thus  enable  a  more  rapid  analysis  of  neisserial 
gene  organization.  We  further  suggest  that  the  above-men¬ 
tioned  strains  be  deposited  into  the  American  Type  Culture 
Collection  and  the  National  Collection  of  Type  Cultures  to 
make  them  more  readily  available  to  the  general  research 
community. 
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i\eisseria  ponorrlioeae  and  /V.  meningitidis  are  exclusive 
human  pathogens.  This  important  fact  has  limited  the  use 
and  the  relevance  of  animal  models  (30)  in  studies  of  the 
pathogenesis  of  these  organsims.  The  potential  severity  of 
infections  caused  by  gonococci  and  meningococci  has  lim¬ 
ited  direct  human  experimentation.  Only  studies  of  gonococ¬ 
cal  urethritis  in  men  (29,  63)  and  testing  of  potential  vaccine 
candidates  have  been  possible.  Human  tissue  specimens 
obtained  from  infected  individuals  has  provided  important 
information  (12.  14.  22),  but  these  specimens  are  limited  in 
availability  and  are  often  obtained  late  in  the  course  of 
infection. 

To  address  these  problems,  in  vitro  cell  and  organ  culture 
assays  involving  predominantly  cells  and  tissues  of  human 
origin  have  been  developed.  These  assays  have  been  used  to 
identify  important  mechanisms  by  which  gonococci  and 
meningococci  cause  disease.  They  have  provided  much  of 
the  experimental  data  about  three  major  pathogenic  events; 
(i)  mucosal  cytotoxicity,  (ii)  attachment  of  gonococci  and 
meningococci  to  epithelial  cells,  and  (iii)  mucosal  invasion. 
This  review  will  focus  on  the  data  derived  from  the  use  of 
human  cells,  cell  lines,  and  organ  cultures  in  defining  these 
events. 

DESCRIPTION  OF  HUMAN  CELLS,  CELL  LINES,  AND 
ORGAN  CULTURES 

The  following  human  cells  and  cultures  are  used  in  studies 
of  gonococcal  and  meningococcal  pathogenesis:  isolated 
buccal,  pharyngeal,  endocervical,  vaginal,  urethral,  sperm, 
and  fetal  tonsil  cells;  cervical  carcinoma  (HeLa),  Chang 
conjunctival  epithelial,  endometrial  carcinoma  (HEC-I-B. 
ENCA-4).  and  larynx  carcinoma  (HEp-2)  cell  lines;  primary 
embryonic  lung,  fibroblast,  amnion,  endometrial,  cndocervi- 
cal.  and  foreskin  cell  cultures;  and  fallopian  tube,  nasopha¬ 
ryngeal,  and  ectocervical  organ  cultures.  Animal  cells,  cell 
lines,  and  organ  cultures  have  also  been  used  (1,  20,  35). 
However,  when  they  are  compared  with  human  tissue  from 
the  same  site,  major  differences  are  reported.  For  example, 
gonococci  attach  to  nonciliated  mucosal  cells  of  the  human 
fallopian  tube  and  damage  the  ciliary  function  of  human 
fallopian  tube  organ  cultures  but  not  fallopian  tube  organ 
cultures  of  rabbits,  pigs,  and  cows  (17.  27.  28). 

Human  buccal  epithelial  cells  have  been  favored  for  use  in 
attachment  assays  and  are  easily  obtained  (Fig.  1).  Buccal 
cells  are  squamous  epithelial  cells  obtained  by  scraping  the 
buccal  mucosa.  Gonococci  and  meningococci  attach  to  but 
do  not  invade  these  cells.  However,  the  availability  of  buccal 
cells  is  offset  by  several  factors.  Cells  obtained  are  not 
uniform  in  the  degree  of  maturation,  viability,  and  size,  and 
their  structure  is  influenced  by  hormonal  factors  and  other 
variables  that  are  not  easily  controlled.  In  addition,  many  of 
these  cells  already  have  bacteria  (oral  flora)  and  variable 
amounts  of  mucus  attached  to  their  surfaces.  Furthermore, 
the  buccal  mucosa  is  not  normally  colonized  by  pathogenic 


Neis.seria  species.  Despite  these  drawbacks,  buccal  cells 
have  been  extensively  used  in  studies  of  gonococcal  and 
meningococcal  attachment  (23.  44.  45.  56.  58.  61. 62.  64,  65). 

Isolated  squamous  epithelial  cells  from  mucosal  surfaces 
closer  to  natural  sites  of  meningococcal  and  gonococcal 
colonization  (e.g.,  vaginal,  ectiscervical.  urethra',  oropha¬ 
ryngeal.  and  tonsillar  sites)  have  also  been  used.  Although 
potentially  of  more  relevance,  these  isolated  cells  have 
similar  disadvantages  to  those  described  for  buccal  cells. 
Human  erythrocytes  of  various  blood  groups  (ABO-Rh)  are 
also  a  favorite  cell  type  for  attachment  assays.  Sterility, 
availability,  and  uniformity  of  size  are  advantages.  Hemag¬ 
glutination  assays  are  most  commonly  used  for  attachment 
studies.  Recently  a  hemadsorption  assay  on  nitrocellulose 
disks  (16)  ajso  has  been  used  to  more  precisely  define  the 
phenotypes  of  meningococci  which  bind  to  erythrocytes. 
Caution  must  be  exercised  when  observations  made  with 
erythrocytes  are  generalized  to  interactions  with  mucosal 
cells.  For  example.  Lambden  et  al.  (3p  noted  increased 
binding  of  protein  II  (Pll)-containing  gonococci  to  buccal 
cells  but  not  to  erythrocytes.  Gonococci  that  did  not  express 
PII  exhibited  increased  binding  to  erythrocytes. 

Primary  epithelial  cell  lines  (e.g..  uterine,  endometrial, 
conjunctival,  and  ectocervical  cells)  overcome  many  of  the 
disadvantages  of  isolated  cells  but  are  often  difficult  to 
establish  and  maintain.  Cell  lines,  often  of  tumor  origin,  are 
less  fragile  and  have  been  extensively  used.  HeLa  cells  (a 
human  cervical  carcinoma  cell  line),  HEp-2  cells  (a  human 
laryngeal  carcinoma  cell  line),  human  endometrial  carci¬ 
nomacell  lines,  and  Chang  conjunctival  epithelial  cells  have 
been  the  most  widely  used  (see  above)  (2,  4,  21,  52,  66). 
These  cell  lines  have  been  used  for  cytotoxicity  and  invasion 
studies  as  well  as  attachment  assays. 

Infection  of  organ  cultures  has  provided  an  experimental 
means  of  studying  the  interactions  of  gonococci  and  menin¬ 
gococci  with  intact  mucosal  surfaces  (10,  26.  36,  38.  53.  70). 
Human  fallopian  tube  organ  cultures  (FTOC)  are  used  be¬ 
cause  they  are  a  site  of  natural  infection  (gonococcal  salpin¬ 
gitis).  Infections  in  this  model  produce  changes  similar  to 
those  noted  in  pathologic  specimens  obtained  during  salpin¬ 
gitis.  Human  nasopharyngeal  tissue  in  organ  culture  (NPOC) 
has  been  used  to  study  N.  meningitidis  (53).  The  specificity 
of  the  events  observed  in  these  models  and  their  correlation 
with  events  observed  during  natural  infection  are  major 
advantages.  Difficulty  in  obtaining  these  tissues,  variability 
among  tissue  from  different  individuals,  and  absence  of 
important  components  of  the  inflammatory  response  (e.g., 
leukocytes,  circulating  antibody,  and  complement)  are  dis¬ 
advantages.  In  addition,  they  require  antibiotics  for  steril¬ 
ization  and  have  limited  viability.  Nevertheless,  human 
organ  culture  assays  have  provided  valuable  clues  about 
mechanisms  of  gonococcal  and  meningococcal  cytotoxicity, 
attachment,  and  invasion. 
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Contuct  of  gonococci  or  meningococci  w  ith  humtin  muco¬ 
sal  surt'accs  (e.g..  urogenital  irtict  lor  go/iorWiocue. 
nasopharynx  tor  .V.  nu‘nim;itiilis)  initiates  a  series  of  events 
resulting  in  attachment  of  the  organisms  to  epithelial  cells 
and  multiplication  (colonization)  at  the  mucosal  surface. 
These  events  may  also  lead  to  internalization  of  gonococci  or 
meningococci  by  epithelial  cells  and  possibly  transport  of  the 
organisms  across  the  normally  protective  mucosal  barrier. 
Clinically  this  process  may  result  in  asymptomatic  gonococ¬ 
cal  or  meningococcal  carriage,  or  in  signs  of  inflammation, 
indicating  injury  to  host  cells.  For  example,  most  individuals 
w  ho  harbor  meningococci  or  gonococci  in  the  nasopharynx 
are  asymptomatic.  Overt  phary  ngitis  resulting  from  infection 
by  either  organism  is  unusual.  In  contrast,  infection  of  the 
human  urethra  or  human  fallopian  tube  by  gonococci  often 
results  in  marked  inflammation  and  tissue  damage.  Table  1  is 
a  summary  of  pathogenic  events  noted  follow  ing  gonococcal 
or  meningococcal  infection  of  isolated  human  cell,  cell 
culture,  and  organ  culture  assay  s. 

Mucosal  Cytotoxicity 

Many  of  the  clinical  signs  of  gonococcal  or  meningococcal 
infection  are  due  to  migration  of  leukocytes  and  activation  of 
complement  at  the  site  of  infection.  However,  there  is 
increasing  evidence  that  gonococci  and  meningococci  exert 
direct  cyctotoxic  effects  that  may  potentiate  the  inflamma¬ 
tory  response.  In  contrast,  commensal  Neisseria  strains  do 
not  normally  cause  overt  cytotoxicity.  By  using  the  cell  and 
organ  culture  experimental  models  described  above,  the 
mechanisms  by  W'hich  N.  f;<>iu>rrlu>eae  and  N.  meninfiilidis 
may  directly  induce  cytopathic  changes  at  mucosal  surfaces 
have  been  partially  determined. 

Virji  et  al.  studied  the  cytotoxic  effect  of  gonococci  on 
Chang  epithelial  cells  (66-68).  Variants  of  N.  uo/iorrhoeae 
P9  that  expressed  pili  or  PII  W'ere  cytotoxic,  w/hereas  gono¬ 
cocci  that  did  not  express  these  components  w'ere  not.  Pili 
and  PII  also  increased  the  attachment  of  the  gonococci  to 


FIG.  1.  Scanning  electron  micrograph  showing  attachment  of 
piliated  meningococci  to  human  buccal  epithelial  cells.  Meningo¬ 
cocci  attach  to  microplicae  of  these  cells,  usually  in  areas  free  of 
mucus. 

this  cell  line.  These  data  suggest  that  close,  direct  contact 
facilitated  by  attachment  ligands  may  be  important  in  local 
cytotoxicity. 

Damage  to  ciliary  activity  w/as  noted  early  in  the  course  of 


TABLE  1.  Eivents  noted  with  gonococcal 

or  meningococcal  infection  of  human  cell 

.  cell  culture,  and 

organ  culture  assays 

Cell  or  organ  t>pe  and  infection 

.Attiiehmcnr  Cytotoxicity" 

Invasion" 

A'.  K'lniirrlmeae 

Buccal  epithelial  cells 

p*  •  p  .  pir  >  PII 

N 

N 

Cervical  epithelial  cells 

P‘  >  P  .  PII  >  PH 

N 

N 

Erythrocytes 

p  '  >  p  .  Pll  >  pir 

NC.’) 

N 

HeLu  cells 

pir  >  Pll 

N 

Pir 

=  Pll  .  p'  =  p 

Chang  conjunctival  cells 

Pll'  >  Pll 

Y 

Y 

HEC-l-B  cells 

Y 

Y 

p*  = 

p 

HEp-2  cells 

Y 

N(?) 

Y 

FTOC 

P-  >  P  .  Pll'  -  Pll  (’) 

P-  >  P 

p*  = 

p 

,V.  meninniiidis 

Buccal  epithelial  cells 

P-  >  P 

N 

N 

FTythriK-ytes 

P-  >  P 

N(?) 

N 

NPOC 

P-  -  P 

Y 

Y 

commensal  Neisseria  spp. 

Buccal  epithelial  cells 

Y 

N 

N 

Chang  conjunctival  cells  (N.  mueasa) 

Y 

N 

HKC'I-B  cells  {N.  \(u  tumh  a) 

Y 

N 

N 

Hel.a  cells  (A.  sieea) 

Y 

N 

N 

NPOC  (jV.  suhfiava] 

NPOC  iN.  lai  tami(  a) 

Y 

N 

Y 

"  AhbrcviatiDns;  Y.  tihserved;  N.  not  observed.  P‘  .  piliated'  P  .  nonpilmted:  PII  ‘ .  expressing  IP  Pll  .  ni>l  expressing  PII. 
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FIG.  2.  Scanning  electron  micrograph  showing  attachment  of 
meningococci  to  nonciliaied  columnar  epithelial  cells  but  not  ciliated 
cells  of  human  nasopharyngeal  organ  cultures.  Note  the  general  loss 
of  short  microvilli  on  nonciliated  cells  to  which  meningococci 
attach.  They  are  replaced  by  a  few  elongated  microvilli  (arrows) 
interacting  with  attaching  meningococci. 

human  FTOC  infection  with  gonococci  and  human  NPOC 
infection  with  meningococci  (55).  Loss  of  ciliary  activity  was 
accompanied  by  sloughing  of  ciliated  cells.  Unlike  Borde- 
telUi  pertiis.sis.  which  damages  ciliated  cells  after  direct 
attachment  (15).  the  damage  to  the  ciliated  cells  was  not 
"’'sociated  with  the  attachment  of  gonococci  or  meningo¬ 
cocci  to  these  cells  (Fig.  2)  or  to  the  presence  of  organisms 
within  ciliated  cells.  Infection  with  the  commensal  species 
N.  suhfiava  did  not  result  in  significant  damage  to  human 
FTOC  or  NPOC  ciliary  activity.  Lipopolysaccharide  (LPS) 
appears  to  be  a  major  toxin  of  gonococci  for  the  ciliated  cells 
of  human  FTOC  (18,  19,  36,  41).  Gonococcal  peptidoglycan 
fragments  also  damage  FTOC  ciliary  activity  (42).  Both 
piliated  and  nonpiliated  gonococci  and  meningococci  dam¬ 
age  FTOC  and  NPOC  ciliary  activity  (36.  39.  57),  but  piliated 
organisms  damage  ciliary  activity  more  rapidly  than  nonpil¬ 
iated  organisms  do.  Ciliated  cells  of  the  FTOC  were  dam¬ 
aged  by  <10  |jig  of  purified  gonococcal  or  meningococcal 
LPS  per  ml  (19).  By  1  to  2  h  after  exposure  to  gonococcal 
LPS.  vesicles  containing  LPS  were  distributed  throughout 
the  cytoplasm  of  ciliated  cells  (9).  Polymyxin  B  neutralized 
LPS-induced  damage,  suggesting  that  the  lipid  A  portion  of 
LPS  was  the  toxic  moiety.  In  contrast,  purified  gonococcal 
and  meningococcal  LPS  at  l(K)  pg/ml  did  not  damage  NPOC 
from  humans  (57)  or  FTOC  from  rabbits,  pigs,  and  cows 
(17).  These  studies  indicate  that  N.  i^onorrlwcae  and  possi¬ 
bly  N.  meninfiitidis  damage  ciliated  epithelial  cells  indirectly 


by  release  of  LPS,  peptidoglycan  monomers,  and  possibly 
other  toxins  from  the  organisms  and  suggest  that  there  are 
differences  in  the  susceptibility  of  ciliated  cells  to  these 
toxins.  The  selectivity  of  the  LPS  toxicity  for  humans  and 
for  specific  human  mucosal  surfaces  may  be  responsible  in 
part  for  the  host  specificity  of  infections  and  the  variability  in 
severity  of  human  mucosal  infections  due  to  gonococci  or 
meningococci. 

Pili  are  not  necessary  for  damage  to  ciliated  cells  (39,  55. 
57)  but  facilitate  the  attachment  of  meningococci  and  gono¬ 
cocci  to  nonciliaied  epithelial  cells  of  both  mucosal  surfaces 
(39.  .56).  The  increased  attachment  associated  with  pili  may 
allow  more  effective  delivery  of  toxic  factors  to  adjacent 
ciliated  epithelial  cells.  Other  outer  membrane  proteins  of 
gonococci  or  meningococci  did  not  appear  to  be  required  for 
damage  to  ciliated  cells  (55)  but  detailed  studies  to  address 
this  question  have  not  been  performed.  Immunoglobulin  A1 
protease  activity  was  also  not  critical  for  epithelial  cell 
damage  seen  in  gonococcal  infection  of  FTOC  (7.  8).  Similar 
results  have  been  noted  when  immunoglobulin  A1  protease 
activity-deficient  mutants  of  Haemoplulus  infliien-cw  were 
used  to  infect  NPOC  (13).  However,  in  view  of  recent 
studies  defining  other  products  of  the  immunoglobulin  A1 
protease  gene  (J.  Pohiner  and  T.  Meyer,  personal  commu¬ 
nication)  which  may  affect  host  cells  and  the  finding  of  other 
substrates  cleaved  by  this  protease,  these  studies  must  be 
viewed  cautiously. 

Attachment 

Although  nonspecific  factors  (e.g..  surface  charge.  pH. 
Derjaguin-Landau-Verwey-Overbeek  [DLVO]  theory,  ionic 
bridging,  and  hydrophobic  interactions)  may  be  important 
(72).  attachment  of  gonococci  and  meningococci  to  human 
cells  is  selective.  In  the  FTOC  and  NPOC  models  (7.  10.  39. 
53).  gonococci  and  meningococci  attach  only  to  microvilli  of 
nonciliated  columnar  epithelial  cells.  Attachment  to  ciliated 
cells  is  not  observed.  Similarly,  attachment  of  piliated  men¬ 
ingococci  differs  markedly  among  epithelial  cells  from  dif¬ 
ferent  sites  (54).  In  contrast,  nonpiliated  meningococci  at¬ 
tach  equally  but  in  small  numbers  to  all  cell  types.  These 
data  suggest  that  gonococcal  and  meningococcal  attachment 
is  mediated  by  specific  ligands  that  selectively  recognize 
receptors  on  certain  types  of  human  cells.  The  number  and 
distribution  of  receptor  sites  for  these  ligands  may  in  part 
determine  sites  of  mucosal  colonization  and  infection.  As 
reviewed  by  Brooks  (5).  the  host  factors  important  in  attach¬ 
ment  of  gonococci  are  poorly  understood.  The  characteris¬ 
tics  of  the  receptors  for  gonococci  or  meningococci  and  the 
influence  of  hormonal  factors  are  currently  areas  of  intense 
investigative  interest. 

Studies  with  human  cells,  cell  lines  and  organ  cultures 
have  implicated  three  gonococcal  and  meningococcal  sur¬ 
face  components  in  attachment:  (i)  pili.  (ii)  heat-modifiable 
outer  membrane  proteins  (e.g..  gonococcal  protein  II).  and 
(iii)  the  major  porin  proteins.  However,  it  is  critical  to  note 
that  diflerent  mechanisms  are  probably  operative  in  the 
attachment  of  gonococci  and  meningococci  to  different  kinds 
of  cells. 

Pili  are  hairlike  surface  appendages  which  radiate  several 
thousand  nanometers  from  the  surfaces  of  meningococci  and 
gonococci.  Numerous  studies  (1.  4.  6.  60.  64-67)  with  a 
variety  of  cells  and  organ  cultures  have  implicated  pili  as 
major  attachment  ligands  of  meningococci  and  gonococci. 
Experiments  with  human  volunteers  have  confirmed  these 
findings  (29.  63).  Owing  to  their  radiation  from  the  cell 
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surl'ace,  these  organelles  probably  make  the  initial  contact 
with  host  cells.  There  is  experimental  evidence  that  supports 
this  concept  (70). 

No  clear  differences  in  the  degree  of  attachment  were 
reported  when  different  antigenic  types  of  gonococcal  pili 
were  used  in  assays  of  attachment  to  buccal  epithelial  cells 
or  to  erythrocytes  (50).  In  contrast.  Trust  et  al.  (65)  noted 
that  although  all  piliated  meningococci  attached  to  buccal 
cells,  only  certain  strains  bound  to  erythrocytes.  In  studies 
with  antisera  raised  to  purified  pili.  attachment  and  virulence 
for  C’hang  conjunctival  epithelial  cells  were  reduced  only  in 
the  presence  of  homologous  antisera  to  pili  (67).  Heterolo¬ 
gous  antisera  to  pili  were  largely  ineffective  in  reducing  the 
attachment  and  cytotoxicity  to  these  cells.  Similar  results 
are  reported  for  attachment  of  gonococci  to  buccal  epithelial 
cells  (64}  and  rhesus  monkey  kidney  cells  (1).  Schoolnik  et 
al.  (49)  noted  that  a  '-M-labeled  gonococcal  pilin  fragment. 
TC-2.  bound  to  endocervical  cells  from  healthy  women  but 
not  to  buccal  or  HeLa  cells.  Rothbard  et  al.  (48)  found  that 
antibodies  to  synthetic  peptides  69-84  and  41-50  inhibited  a 
heterologous  gonococcal  strain  from  binding  to  the  human 
endometrial  carcinoma  cell  line  ENCA-4.  However,  these 
antibodies  were  not  effective  in  blocking  attachment  of 
meningococci  to  buccal  epithelial  cells,  even  though  the 
epitopes  were  present  on  pilins  of  these  strains  (58).  Thus, 
pili  are  important  in  the  attachment  of  meningococci  and 
gonococci  to  a  variety  of  human  cells,  and  they  appear  to 
mediate  attachment  through  several  different  mechanisms. 

For  gonococci.  PIl  also  appears  to  be  an  important  attach¬ 
ment  ligand,  at  least  to  certain  kinds  of  human  cells.  Lamb- 
den  et  al.  (31)  found  that  gonococci  that  expressed  Pll 
(regardless  of  the  molecular  weight  of  the  PH)  attached  in 
greater  numbers  to  buccal  epithelial  cells.  Elkins  et  al.  til) 
noted  that  gonococci  expressing  PH  showed  increased  ad¬ 
herence  to  primary  cultures  of  uterine  and  ectocervical  cells. 
Bessen  and  Gotschlich  studied  PH  binding  to  HeLa  cells  (2) 
and  noted  that  the  receptor  had  a  protein  configuration  (3). 
Lammel  et  al.  (32)  noted  that  a  monoclonal  antibody  directed 
at  a  gonococcal  PH  decreased  the  adherence  of  gonococci 
expressing  the  PH  to  HEC-l-B  cells.  Similar  results  were 
reported  by  Sugasawara  et  al.  for  HeLa  cells  (59).  PHs  are 
also  important  in  binding  to  human  polymorphonuclear 
leukocytes  (11).  In  contrast.  James  et  al.  (25)  and  Draper  et 
al.  (10)  found  that  transparent  gonococci  which  lacked  PIIs 
appeared  to  have  increased  attachment  to  FTOC  and  cervi¬ 
cal  explant  tissue.  Lambden  et  al.  (31)  also  noted  that  in 
contrast  to  buccal  cells,  gonococci  lacking  PHs  demon¬ 
strated  the  greatest  binding  to  erythrocytes.  Gonococci 
lacking  PHs  are  often  recovered  from  the  fallopian  tubes  of 
women  with  salpingitis.  These  data  indicate  that  PH  may  be 
important  in  attachment  to  certain  kinds  of  human  cells  and 
a  disadvantage  in  attachment  to  others.  The  question  re¬ 
mains.  however,  an  open  one.  Recently.  Lammel  et  al.  (C.  J. 
Lammel.  N.  P.  Dekken.  and  G.  F.  Brooks,  personal  com¬ 
munication)  studied  the  ability  of  four  PH-expressing  gono¬ 
coccal  clones  and  a  PH-negative  clone  to  attach  to  human 
fallopian  tube  tissue.  Differences  in  attachment  and  damage 
to  FTOC  mucosal  cells  occurred  with  different  PH-ex¬ 
pressing  clones  (PH '  >  PH  ). 

Meningococci  express  heat-modifiable  surface  proteins 
(class  V  proteins)  that  are  similar  biochemically  to  PH.  The 
role  of  these  proteins  in  meningococcal  attachment  is  much 
less  clear.  We  noted  (56)  that  meningococci  that  formed 
opaque  colonies  exhibited  increased  attachment  to  buccal 
epithelial  cells,  but  we  could  not  establish  a  relationship 
between  colony  phenotype  and  the  expression  of  class  V 


proteins.  Others  have  observed  (M.  Hagman.  P.  Olan,  and 
D.  Danielsson.  personal  communication)  that  meningococci 
isolated  from  urogenital  specimens  and  containing  class  V 
proteins  showed  an  increased  attachment  to  human  vaginal 
cells  but  not  to  buccal  epithelial  cells. 

As  discussed  in  the  next  section,  the  major  porin  proteins 
of  gonococci  and  meningococci  have  been  shown  to  insert 
into  eucaryotic  membranes.  These  proteins  may  further 
enhance  gonococcal  attachment  and  initiate  invasion. 

Mucosal  Invasion 

Invasion  of  mucosal  surfaces  by  /V.  conorrhocae  has  been 
noted  histopathologically  since  the  late  1800s.  Harkness  (22) 
reviewed  data  showing  that  in  patients  with  acute  gonorrhea, 
gonococci  had  penetrated  the  mucosa)  surface  and  were 
multiplying  in  the  subepithelial  space  by  day  3  of  infection. 
However,  it  is  unclear  whether  squamous  cells  of  the  cervix 
are  truly  invaded  by  gonococci  (12).  Intracellular  gonococci 
are  observed  in  histopathological  specimens  within  noncili- 
ated  columnar  epithelial  cells  of  the  urethra,  cervix,  and 
fallopian  tubes  (71.  72).  Human  fallopian  tube  organ  cultures 
have  been  a  major  experimental  model  in  the  study  of  this 
event  (38.  40.  70).  Recently,  a  similar  invasion  event  has 
been  noted  in  human  nasopharyngeal  organ  cultures  infected 
with  N.  meniiif’itiJix  (53).  Shaw  et  al.  (51.  52)  developed  an 
assay  to  study  gonococcal  invasion  by  using  HEC-l-B 
human  endometrial  cells;  Bessen  and  Gotschlich  (2)  and 
Richardson  and  Sadoff"  (46)  studied  this  event  in  HeLa  or 
human  amnionic  cells  from  primary  cultures.  Chang  con¬ 
junctival  epithelial  cells  (23.  67)  and  HEp-2  cells  (4)  have 
also  been  used  to  study  gonococcal  invasion,  as  have  a 
variety  of  other  mammalian  cell  cultures  (4.  43.  69). 

Several  investigative  groups  have  used  the  human  fallo¬ 
pian  tube  model  to  study  gonococcal  mucosal  invasion  (40. 
70).  Approximately  1%  of  attached  gonococci  invade  by  8  h 
after  infection  in  this  model.  Attachment  of  gonococci  to 
nonciliated  mucosal  cells  is  the  first  step  in  a  process  of 
internalization  of  gonococci  by  these  cells.  Similar  to  the 
relationship  of  cytotoxicity  and  attachment,  attachment  and 
invasion  are  closely  associated.  Virji  et  al.  found  increased 
cytotoxicity  and  invasion  of  Chang  conjunctival  cells  by 
gonococci  that  exhibited  the  greatest  attachment  (67.  68). 

After  attachment  of  gonococci  to  nonciliated  epithelial 
cells  of  the  human  fallopian  tube,  the  microvilli  of  these  cells 
surround  gonococci  and  draw  them  to  the  surface  of  the 
mucosal  cell.  Later  in  the  course  of  infection,  the  mem¬ 
branes  of  some  of  the  nonciliated  cells  seem  to  retract  and 
pinch  off  a  membrane-bound  vacuole  containing  gonococci. 
Similar  membrane-bound  vacuoles  containing  gonococci  are 
noted  following  gonococcal  infection  of  tissue  culture  cells 
(4.  43.  69).  This  process  is  quite  similar  to  the  phagocytosis 
of  bacteria  by  professional  phagocytes,  but  destruction  of 
gonococci  after  entry  into  phagocytic  vacuoles  is  not  ob¬ 
served,  Gonococci  are  rapidly  transported  in  these  vacuoles 
across  the  epithelial  cell.  In  the  FTOC  model  there  is  an 
orderly  parting  of  the  basement  membrane,  with  release  of 
gonococci  into  the  subepithelial  space. 

In  the  NPOC  model,  similar  events  are  observed  following 
meningococcal  infection  (53).  However,  after  meningococci 
enter  via  phagocytic  vacuoles,  they  remain  in  an  apical 
location  within  the  epithelial  cell  (Fig.  3).  Meningococci  can 
be  seen  in  the  subepithelial  space,  but  their  exact  route  of 
access  remains  unclear.  In  contrast,  when  //.  influenzae  is 
used  to  infect  the  NPOC  model,  the  route  of  mucosal 
invasion  is  primarily  between  epithelial  cells  (13). 
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FIG.  3.  Transmission  eleciron  micrograph  showing  internalization  of  meningococci  by  a  nonciliated  columnar  epithelial  cell  of  human 
nasopharyngeal  organ  cultures. 


Using  the  endometrial  cell  line  HEC-l-B,  Shaw  and  Fal- 
kow  (51)  noted  that  after  gonococcal  attachment,  the  organ¬ 
isms  were  embraced  by  microvilli  and  entered  these  cells  in 
membrane-bound  vacuoles.  However.  8  h  after  infection, 
gonococci  were  found  in  the  cytoplasm  free  of  membrane- 
bound  vacuoles.  At  12  h,  hundreds  of  internalized  gonococci 
were  noted  free  in  the  cytoplasm.  Lysis  of  the  invaded  cells 
was  also  noted.  In  contrast,  N.  lactamica  was  adherent  but 
not  invasive  in  this  model  and  N.  sicca  was  not  invasive  for 
HeLa  cells  (2). 

Outer  membrane  blebs  are  also  internalized  by  epithelial 


cells  (9).  LPS  antigens  on  ingested  meningococci  and  gono¬ 
cocci  or  on  blebs  may  remain  unaltered  after  internalization 
(J.  F.  L.  Weel,  S.  Gigengack,  C.  T.  P.  Hopman,  Y.  Pan- 
nekoele,  and  J.  P.  M.  van  Putten.  personal  communication), 
in  contrast  to  the  processing  that  may  occur  after  ingestion 
by  polymorphonuclear  leukocytes. 

The  molecular  events  that  lead  to  internalization  of  gono¬ 
cocci  and  meningococci  are  also  being  actively  studied. 
Engulfment  requires  viable  organisms  (46).  Engulfment  was 
inhibited  when  cell  microtuble-  or  microfilament-dependent 
movement  was  disrupted  by  cytochalasin  B  or  demecolcine. 
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Gonococci  and  meningococci  appear  to  enter  epithelial  cells 
by  a  process  called  parasite-directed  endocytosis  (37).  The 
process  involves  a  mechanism  similar  to  classical  phagocy¬ 
tosis  (microfilament  dependent,  blocked  by  cytochalasin) 
but  appears  to  be  dependent  on  microbial  factors  for  initia¬ 
tion  and  occurs  with  host  cells  that  are  not  normally  phago¬ 
cytic.  Pili  are  not  required  for  entry.  James  (24)  noted  the 
adherence  of  gonococci  expressing  PIIs  (opaque  colonies)  to 
human  embryonic  fibroblast  cell  cultures,  with  the  subse¬ 
quent  formation  of  microcolonies.  Transparent  variants 
(which  presumably  lacked  PIIs).  produced  at  the  periphery, 
were  observed  to  translocate  across  the  tissue  cultures  by 
twitching  mobility  and  were  more  invasive.  Other  studies 
have  found  no  differences  in  the  invasiveness  of  attaching 
PIl*  or  Pir  gonococci  (2). 

The  major  porin  proteins  (gonococcal  proteins  1  [PIA  and 
PIB|  and  meningococcal  class  II  and  III  proteins)  have  been 
proposed  as  candidates  for  the  gonococcal  and  meningococ¬ 
cal  invasin.  The  porin  proteins  have  been  shown  to  in.sert 
into  lipid  bilayers  (34).  Layh  et  al.  (33)  found  that  gonococcal 
PIA  inserted  into  mammalian  cells  identically  to  its  orienta¬ 
tion  in  the  gonococcal  membrane.  Heckels  et  al.  (23)  noted 
that  monoclonal  antibodies  to  gonococcal  PIA  and  PIB 
blocked  cytotoxicity  and  invasion  of  Chang  conjunctival 
epithelial  cells. 

Events  after  Bloodstream  Invasion 

Few  studies  with  human  cells,  cell  cultures,  or  organ 
cultures  have  addressed  events  (e.g..  endothelial  cytotoxic¬ 
ity.  penetration  of  the  blood-brain  barrier)  that  occur  after 
bloodstream  invasion  by  gonococci  or  meningococci.  Patho¬ 
logic  specimens  suggested  that  events  similar  to  those  noted 
at  mucosal  surfaces  occurred  after  dissemination.  For  exam¬ 
ple.  gonococci  have  been  seen  inside  A  cells  of  the  synovial 
membrane  (14).  and  gonococcal  peptidoglycan  monomers 
have  been  implicated  in  cell  damage  at  synovial  membranes 
(42,  47).  Wispelwey  et  al.  (B.  Wispelwey.  A.  J.  Hesse,  E.  J. 
Hansen,  and  W.  H.  Scheld,  Clin.  Res.  35:495A,  1987),  using 
a  model  of  isolated  cerebral  capillaries  from  the  rat  brain, 
showed  that  the  LPS  of  H.  influenzae  altered  the  permeabil¬ 
ity  of  the  blood-brain  barrier.  Whether  meningococcal,  but 
not  gonococcal,  LPS  produces  similar  results  would  be  of 
great  interest. 

SUMMARY 

Human  cells,  cell  cultures,  and  organ  cultures  have  been 
extremely  useful  for  studying  the  events  that  occur  when 
gonococci  and  meningococci  encounter  human  mucosal  sur¬ 
faces.  The  specificity  and  selectivity  of  these  events  for 
human  cells  are  striking  and  correlate  with  the  adaptation  of 
these  pathogens  for  survival  on  human  mucous  membranes. 
To  colonize  these  sites,  meningococci  and  gonococci  have 
developed  mechanisms  to  damage  local  host  defenses  such 
as  the  mucociliary  blanket,  to  attach  to  epithelial  cells,  and 
to  invade  these  cells.  Attachment  to  epithelial  cells  mediated 
by  pili,  and  to  some  types  of  cells  mediated  by  PIIs,  serves 
to  anchor  the  organism  close  to  sources  of  nutrition  and 
allows  multiplication.  Intracellular  invasion,  possibly  initi¬ 
ated  by  the  major  porin  protein,  may  provide  additional 
nutritional  support  and  protection  from  host  defenses.  Mu¬ 
cosal  invasion  may  also  result  in  access  of  gonococci  and 
meningococci  to  the  bloodstream,  leading  to  dissemination. 
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I'hc  molecular  basis  for  resislance  to  killing  by  normal 
human  scrum  (NHS)  exhibited  by  certain  strains  of  \'eis- 
scrid  itononhoede  represents  a  composite  of  numerous 
phenomena.  These  include  (il  the  tibsence  in  human  serum  of 
bactericidal  antibody  directed  against  specific  epitopes,  the 
most  important  of  which  reside  in  lipooligosaccharide  (LOS) 
antigens  (11.  52,  59);  and  (ii)  phenotypic  shifting  of  LOS 
epitope  expression  (41.  59).  such  as  may  occur  especially  in 
vivo  ( 10).  This  may  result  in  the  loss  of  epitopes  that  serve  as 
appropriate  receptors  (bactei icidal  or  lytic  epitopes)  for 
bactericidal  antibodies  and  complement.  Alternatively,  new 
epitopes  may  be  acquired  in  vivo,  uhich  may  obscure 
underlying  ly  tic  epitopes,  thereby  preventing  recognition  of 
these  by  human  btictericidal  antibodies.  In  addition,  (iii) 
blocking  antibodies,  directed  at  outer  membrane  protein 
antigens,  modulate  or  down-regulate  bacterial  killing,  mainly 
by  preventing  binding  of  bactericidal  antibodies  to  lytic 
epittipes  (26.  49).  Finally,  and  least  well  understood,  (iv) 
there  is  a  partial  failure  to  form  the  C5  convertase  necessary 
for  full  development  of  membrane  attack  complexes  (MACs 
or  (.'5b-9  (11.  12|)  but  also  a  failure  of  M.ACs  that  do  form  to 
fully  insert  through  the  gonococcal  outer  membrane  (22.  27). 
In  addition,  less  C2  may  bind  to  serum-resistant  organisms, 
and  C}  that  does  bind  may  not  be  hemolytically  active  (51). 

IN  VIVO  (UNSTABLE)  SERUM  RESISTANCE 

.V,  gonorrhoeae  strains  are  phenotypically  resis'-mt  to 
killing  by  NHS  in  vivo.  When  subcultured,  many  strains  lose 
this  property  and  become  serum  sensitive,  hence  the  term 
unstable  serum  resistance.  Studies  performed  by  Ward  et  al. 
in  1970  demonstrated  that  N.  gonorrhoeae  harvested  di¬ 
rectly  from  a  urethral  exudate  resisted  killing  by  serum 
obtained  from  an  infected  patient  as  well  as  by  immune  sera 
prepared  in  rabbits  (62).  It  has  not  been  determined  whether 
human  sera  with  antibody  directed  against  a  putative  bacte¬ 
ricidal  or  lytic  epitope(s)  that  may  be  expressed  in  vivo  will 
overcome  unstable  serum  resistance  and  kill  these  organ¬ 
isms.  Nevertheless,  N.  gonorrhoeae  organisms  that  main¬ 
tain  the  resistant  phenotype  after  in  vitro  subculture  (stable 
serum  resislance)  can  be  killed  by  appropriate  human  im¬ 
mune  sera,  for  example,  serum  samples  from  patients  recov¬ 
ering  from  disseminated  gonococcal  infection  (DGI)  (48,  53). 

In  vivo  serum  resistance  may  be  simulated  in  vitro  by 
incubating  serum-sensitive  organisms  in  ultrafiltrates  de¬ 
rived  from  guinea  pig  sera  (36,  50)  or  human  fluids,  including 
sera  (33.  34)  and  genital  secretions  (cervical  secretions  and 
seminal  plasmas  |35|).  After  incubation  in  these  fluids, 
serum-sensitive  organisms  become  serum  resistant,  having 
undergone  changes  in  their  LOSs.  This  is  evidenced  by  shifts 
in  LO.S  migration  patterns  on  sodium  dodecyl  sulfate-poly¬ 
acrylamide  gel  electrophoresis  (59).  alteration  of  pyocin 
sensitivity  patterns  (63).  and  reduced  binding  of  normal 
immunoglobulin  M  (IgM)  to  LO.Ss  prepared  from  strains 
incubated  in  these  fluids  (59). 

In  vivo  serum  resistance  may  result  from  sialidation  of 
gonococci  in  the  genital  tract.  Support  for  this  mechanism 


comes  from  recent  evidence  indicating  that  gonococci  grown 
in  vitro  in  the  presence  of  cytidine  5'-monophospho-A'- 
acetylneuraminic  acid  become  serum  resistant  (42.  44). 
Gonococci  are  sialidated  at  an  LOS  site  (C.  A.  Nairn.  N.  J. 
Parsons.  P.  V.  Patel.  J.  A.  Cole.  E.  L.  Tan.  J.  R.  C. 
Andrade.  M.  Goldner.  and  H.  Smith,  unpublished  observa¬ 
tions).  Separate  evidence  that  supports  in  vivo  sialidation 
comes  from  studies  demonstrating  that  a  monoclonal  anti¬ 
body  directed  against  a  probable  neuraminic  acid  determi¬ 
nant  binds  to  LOS  derived  from  in  vivo-  but  not  in  vitro- 
grown  gonococci  (9). 

IN  VITRO  (STABLE)  SERUM  RESISTANCE 

Once  isolated  in  culture,  N .  gonorrhoeae  undergoes  addi¬ 
tional  phenotypic  shifting  of  antigens,  in  large  part  but  not 
exclusively  in  LOS.  At  this  time,  strains  assume  a  range  in 
susceptibility  to  killing  by  NHS.  This  pattern  of  in  vitro 
susceptibility,  however,  is  relatively  stable  under  constant 
growth  conditions  and  is  an  important  harbinger  of  the 
clinical  potential  of  strains.  N.  ftoiiorrhoeae  strains  are 
capable  of  causing  a  diverse  array  of  syndromes  in  the  hosts 
they  infect.  Tb"  ndromes  range  from  the  total  absence  of 
signs  or  '■xK.ioton"  at  the  local  stte  of  infection,  as  occurs 
<'on-.monly  in  DGI,  to  a  marked  local  inflammatory  response, 
as  exemplified  by  acute  salpingitis.  The  most  solidly  estab¬ 
lished  attribute  that  bears  on  the  inflammatory  potential  of 
the  organism  at  the  local  site  of  infection  is  serum  resistance 
( , , '  1 .  12.  It,  ts,  48.  53).  This  property  may  confer  upon  the 
organism  the  ability  to  escape  local  defenses  and  enable  it  to 
penetrate  mucosal  barriers  to  reach  the  bloodstream  and 
then  to  disseminate.  Organisms  with  the  stable  serum- 
resistant  phenotype  often  persist  at  local  sites  of  infection 
without  promoting  clinically  significant  inflammation.  This  is 
evidenced  by  a  disproportionate  representation  of  these 
strains  in  asymptomatic  men  (7)  and  by  the  frequent  lack  of 
local  symptoms  that  accompany  disseminated  infection  (43. 
45).  Differences  in  stable  serum  resistance  may  subdivide 
DGI  strains  into  two  populations;  those  more  resistant  may 
cause  arthralgias  and  tenosynovitis,  and  those  less  resistant 
may  cause  suppurative  arthritis  (43).  In  contrast,  SJ.  ftonor- 
rhoeae  strains  with  the  stable  serum-sensitive  phenotype  are 
often  associated  with  symptomatic  local  infection  in  both 
men  and  women,  and  sensitive  organisms  may  be  especially 
associated  with  the  severity  of  the  inflammatory  response  in 
women  with  acute  salpingitis  (48). 

Serum-sensitive  gonococci  more  rapidly  generate  C5a,  the 
complement-derived  neutrophil  chemoattractant,  when  in¬ 
cubated  in  NHS  than  serum-i'esistant  organisms  do  (12). 
They  are  also  more  rapidly  and  completely  phagocytosed  by 
polymorphonuclear  leukocytes  in  vitro  than  serum-resistant 
strains  are  (51).  Thus,  generation  of  an  inflammatory  re¬ 
sponse  by  gonococci  with  the  stable  serum-sensitive  pheno¬ 
type  appears  to  be  conducive  to  the  localization  of  disease 
and  the  prevention  of  bacteremic  spread  of  infection,  as 
evidenced  clinically  by  the  rarity  with  which  acute  salpingitis 
leads  to  DGI  (3,  37.  43). 
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The  structural  and  chemical  makeup  of  gonococcal  LOS 
molecules  undoubtedly  influence  stable  serum  resistance. 
When  gonococci  are  grown  in  vitro  under  glucose-limiting 
conditions,  saccharide  structures  of  gonococcal  LOSs  are 
modified.  Serum-resistant  organisms  grown  under  these  con¬ 
ditions  in  continuous  culturfc  remain  serum  resistant  while 
high  dilution  rates  are  maintained.  At  lower  dilution  rates. 
LOS  serotype  antigen  expression  decreases  and  new  LOS 
determinants  appear,  which  may  serve  as  bactericidal  or 
lytic  epitopes,  and  the  organisms  become  more  serum  sen¬ 
sitive  (41).  In  this  case,  serum  sensitivity  may  result  from 
newly  formed  determinants  that  serve  as  appropriate  recep¬ 
tors  for  bactericidal  antibody.  Alte.rnatively.  bactericidal  or 
lytic  epitopes  that  previously  were  inaccessible  or  cryptic 
may  become  uncovered  or  more  surface  exposed.  In  either 
case.  LOS  structure  undergoes  measurable  change,  indicat¬ 
ing  that  the  oligosaccharide  chemistry  of  these  molecules  is 
influenced  by  changes  in  growth  conditions.  Oligosaccharide 
preparations  from  LOSs  of  serum-sensitive  N.  uonorrhoeae 
strains,  separated  into  larger  N-acetylglucosamine-rich  and 
smaller  N-acetylglucosamine-poor  components,  have  dif¬ 
ferent  effects  in  complement-dependent  bactericidal  Sys¬ 
tems.  When  used  as  immune  inhibitors  in  IgM-dependent 
bactericidal  assays,  only  the  larger  N-acetylglucosamine- 
containing  molecules  inhibit  serum-bactericidal  activity  (20). 
This  inhibition  is  due.  in  part,  to  the  reduction  of  IgM  LOS 
antibody  by  immune  absorption,  but  activation  of  the  alter¬ 
native  pathway  of  complement  also  occurs  (24).  Hexos- 
amines  containing  LOS  molecules  are  important  activators 
of  the  alternative  pathway  (21). 

Numerous  studies  have  confirmed  that  specific  antibodies 
directed  against  LOS  antigens  of  N.  fionorrhoeae  are  re¬ 
sponsible  for  complement-dependent  bactericidal  activity 
(17.  46.  60.  61).  This  activity  has  been  ascribed  to  LOS 
antibodies  of  the  IgM  class  in  NHS.  directed  against  serum- 
sensitive  strains  (1.  2,  17).  In  addition,  anti-protein  I  (PI) 
antibodies  contribute  to  bactericidal  activity,  which  is  oth¬ 
erwise  primarily  influenced  by  LOS  antibodies  (23). 

Serum-resistant  strains  also  contain  bactericidal  epitopes. 
These  may  not  be  functional,  because  NHS  lacks  antibody 
to  these  sites  (52)  or  because  these  epitopes  may  be  cryptic 
(Rice  et  al..  unpublished).  Nevertheless,  serum-resistant  N. 
nonorrhoecie  strains  may  be  made  serum  sensitive  with  the 
appropriate  antibody  (32.  46.  53).  At  least  two  accessible 
LOS  lytic  or  bactericidal  epitopes  are  present  on  serum- 
resistant  gonococci.  One  of  these  is  defined  by  monoclonal 
antibody  2-1-L8.  which  binds  to  most  strains  that  resist 
killing  by  NHS  but  to  few  that  are  sensitive.  This  determi¬ 
nant  resides  on  a  3.6-kilodalton  (kDa)  species  of  LOS. 
Seemingly  paradoxically,  monoclonal  antibody  2-1-L8  is 
bactericidal  for  serum-resistant  strains  (epitope  present)  but 
not  for  serum-sensitive  strains  (epitope  absent)  (52).  Like¬ 
wise.  serum  from  DGI  patients  that  contains  antibody  with 
2-1-L8  specificity  also  kills  serum-resistant  gonococci  (Rice 
et  al..  unpublished).  A  second  LOS  lytic  epitope  that  permits 
killing  of  serum-resistant  gonococci  has  been  defined  by 
immune  serum  obtained  from  an  individual  administered 
E-scherichui  coli  J5  vaccine.  This  serum  was  capable  of 
killing  N.  f^ononluwac  that  resisted  killing  by  NHS.  but  it 
lacked  specificity  for  the  2-1-L8  epitope  (8).  In  scrum  sam¬ 
ples  from  both  the  DGI  patients  and  the  J5  vaccinee. 
bactericidal  LOS  antibody  was  IgG  and  not  IgM  (8). 

Scrum-resistant  strains  may  harbor  other  epitopes  that 
would  serve  as  sites  of  recognition  by  bactericidal  antibodies 


present  in  NHS  if  the  epitopes  were  exposed.  These  epitopes 
may  be  obscured  by  LOS  structures  that  prevent  accessibil¬ 
ity  of  antibody  to  these  cryptic  determinants.  An  examina¬ 
tion  of  a  series  of  pyocin  mutants  differing  by  sequential 
saccharide  deletions  in  LOS  (15)  has  revealed  that  as  the 
saccharides  shorten,  exposure  of  the  2-1-L8  epitope  in¬ 
creases.  The  organisms  remain  serum  resistant  as  long  as  the 
2-1-L8  epitope  is  present.  As  the  2-1-L8  epitope  abruptly 
disappears  from  one  mutant  to  another  with  a  shorter  LOS. 
the  organisms  convert  to  being  serum  sensitive  as  underlying 
serum-sensitive  LOS  epitopes  become  exposed.  IgM  binding 
to  LOS  also  increases  markedly  as  the  2-1-L8  epitope  is  lost 
and  the  cryptic  epitopes  emerge  as  exposed  determinants 
(Rice  et  al..  unpublished).  These  results  have  been  corrob¬ 
orated  by  using  the  pyocin  mutant  LOS  molecules  them¬ 
selves.  isolated  from  whole  organisms.  Mutant  LOSs  of 
various  molecular  masses  have  been  inserted  into  liposomes 
and  used  as  antigenic  targets.  As  the  mass  of  LOS  used  in 
the  liposomes  increases  beyond  3.6  kDa  (where  the  2-1-L8 
epitope  resides),  the  liposomes  become  more  susceptible  to 
antibody-mediated  MAC  insertion,  despite  the  presence  of 
the  underlying  2-1-L8  epitope.  If  the  liposome  assay  is  used 
as  an  analog  to  serum  killing  of  gonococci  (Rice  et  al.. 
unpublished),  these  results  suggest  that  the  presence  of  the 
2-1-L8  epitope  may  not  always  preclude  serum  sensitivity. 
Indeed,  certain  pyocin  mutants  with  longer  oligosaccharide 
chains  but  also  harboring  the  2-1-L8  epitope  may  sometimes 
be  serum  sensitive  (P.  A.  Rice  and  M.  A.  Apicella.  unpub¬ 
lished  observations).  A  genetic  approach,  i.e..  selection  of 
transformants  on  the  basis  of  their  strong  reactivity  with 
monoclonal  antibody  2-1-L8.  produces  serum-resistant 
clones.  However,  the  level  of  resistance  is  defined  by  the 
loss  of  higher-molecular-mass  LOS  components  (56).  Other 
reports  have  also  indicated  that  changes  in  the  molecular 
mass  of  LOS  may  alter  serum  resistance  (40.  55.  57.  59).  The 
loci  on  the  gonococcal  chromosome  designated  as  sav-l  (5. 
6)  and  .vne-J  (54)  are  associated  with  serum  resistance,  and 
scic-3  in  particular  has  been  shown  to  affect  the  molecular 
mass  of  LOS  (57).  Recently,  a  recombinant  plasmid,  called 
pWM3.  was  created  from  a  cosmid  gene  library  of  N. 
fionorrhoeae  and  used  to  confer  serum  resistance  upon 
transformation  of  a  serum-sensitive  strain  (39).  The  deoxy¬ 
ribonucleic  acid  sequence  of  this  cloned  region  has  now  been 
determined,  and  hybridization  probes  have  shown  the  ho¬ 
mologous  gene  sequences  to  be  present  in  several  strains  of 
N.  Ronorrhoeac .  including  some  that  are  phenotypically 
serum-sensitive  (C.  J.  Conde-Glez,  W,  M.  MeShaw,  S. 
Nowicki.  S.  1,  Hull,  and  R.  A.  Hull,  unpublished  observa¬ 
tions).  These  regions  are  probably  separate  from  sac-1  and 
sac-3  loci. 

PHI  and  Blocking  Antibody 

Natural  antibodies  of  the  IgG  class  may  subvert  adequate 
insertion  of  the  MACs  (or  C5b-9)  of  complement  and  there¬ 
fore  contribute  to  serum  resistance.  These  antibodies  have 
been  described  for  human  sera  and  are  termed  blocking 
antibodies  (26.  38,  47,  49),  They  interfere  with  the  efficient 
insertion  of  the  MAC  by  an  as  yet  unknown  mechanism(s); 
however,  binding  of  these  antibodie.-.  to  particular  antigenic 
targets  on  the  surface  of  gonococci  may  divert  the  necessary 
localization  of  complement  away  from  bactericidal  sites  (26). 
Recent  studies  with  murine  monoclonal  antibodies  have 
shown  that  an  antibody  specific  for  a  gonococcal  surface 
protein,  protein  III  (Pill),  is  able  to  block  killing  of  gono¬ 
cocci  by  bactericidal  antibody  directed  against  a  separate 
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epitope  (29).  Human  antibodies  that  are  specific  for  Pill  also 
block  killing  of  /V.  ^ononhoeac  by  bactericidal  antibody. 
Immunodepletion  of  PHI  antibody  from  certain  DGl  sera 
that  lack  killing  ability  may  restore  their  killing  action  for 
serum-resistant  gonococci  (49).  In  some  instances  the  deple¬ 
tion  of  PHI  antibody  from  NHS  enables  absorbed  serum  to 
kill  gonococci  that  are  otherwise  serum  resistant  (P.  A.  Rice. 
S.  Gulati.  E.  C.  Gotschlich,  L.  M.  Wetzler.  and  M.  S.  Blake, 
unpublished  observations).  This  suggests  that  NHS  may 
contain  antibody  that  is  bactericidal  for  all  strains  of  N. 

but  that  this  antibody  may  not  always  function. 
Through  the  use  of  genetically  altered  N.  fiont>rrhoecu\  a 
PHI  deletional  mutant  (PHI  )  has  been  shown  to  be  more 
serum  sensitive  than  its  parent.  The  relative  difference  in 
serum  sensitivity  between  parent  and  mutant  is  directly 
related  to  the  quantity  of  PHI  antibody  present  in  the  sera 
used  in  the  bactericidal  assay  (P.  A.  Rice.  S.  Gulati.  E.  C. 
Gotschlich.  L.  M.  Wetzler.  and  M.  S.  Blake,  unpublished). 
PHI  not  only  appears  to  be  present  in  all  strains  of  gonococci 
(30.  31)  but  also  appears  to  be  biochemically  and  immuno- 
chemically  identical  among  strains  (31.  58).  It  is  also  a  potent 
immunogen  in  humans.  Contaminant  amounts  of  PHI 
present  in  a  PI  vaccine  preparation  were  capable  of  eliciting 
PHI  blocking  antibodies  when  administered  to  humans  (F. 
Arminjon.  M.  Cadoz.  S.  A.  Morse.  J.  D.  Rock,  and  S.  K. 
Sarafian.  personal  communication). 

PHI  has  e.vtensive  homology  to  the  enterobacterial  OmpA 
protein  (18)  and  class  4  meningococcal  protein  (K.  P.  Klug- 
man.  and  E.  C.  Gotschlich.  unpublished  observations). 
Since  members  of  the  family  Enterohacterioceae  and  N. 
meningitidis  are  both  common  human  commensal  organ¬ 
isms.  it  is  possible  that  PHI  blocking  antibodies  arise  as  a 
result  of  exposure  to  cross-reacting  proteins  from  other 
species.  Human  IgG  directed  at  OmpA  not  only  binds  to 
gonococcal  PHI  but  also  promotes  blocking  activity  (P.  A. 
Rice.  S.  Gulati.  E.  C.  Gotschlich.  L.  M.  Wetzler.  and  M.  S. 
Blake,  unpublished).  Hence,  blocking  antibodies  may  arise 
naturally  from  exposure  to  members  of  the  family  Entero- 
hactericicctie  and  perhaps  to  N.  meningitidis. 

Transformation  of  serum-sensitive  N.  gonorrhoeae  strains 
with  the  plasmid  pWM3  (see  above)  or  subclones  that 
encode  only  a  29-kDa  protein  enable  the  derivatives  to  bind 
blocking  antibody.  Although  similar  in  size,  the  cloned 
29-kDa  protein  and  PHI  are  antigenically  distinct,  and  se¬ 
quences  of  deoxyribonucleic  acid  encoding  PHI  and  the 
29-kDa  protein  difler  (Conde-Glez  et  al..  unpublished). 
pWM3  also  encodes  a  17.5-kDa  protein,  but  its  role  is 
presently  unknown.  The  17.5-kDa  protein  is  not  a  binding 
site  for  blocking  antibody  (39). 

Activation  and  Disposition  of  Complement 

MACs  (or  C5b-9)  form  on  the  surfaces  of  both  serum- 
sensitive  and  serum-resistant  organisms  (22.  27).  Both  sen¬ 
sitive  and  resistant  strains  consume  equivalent  amounts  of 
C9  and  bind  similar  numbers  of  C7  and  C9  molecules  when 
incubated  in  NH.S  (22.  27).  However,  two  features  distin¬ 
guish  the  binding  of  C5b-9  to  serum-sensitive  versus  serum- 
resistant  strains  (28).  First.  C5b-9  is  more  sensitive  to  trypsin 
on  serum-resistant  strains  Otwofold).  indicating  that  MACs 
are  not  inserted  identically  in  serum-sensitive  and  serum- 
resistant  organisms.  There  may  be  differences  in  the  extent 
of  insertion  of  C5b-9  complexes,  variability  in  the  capacity  of 
trypsin-cleaved  C5b-9  to  remain  surface  bound,  or  differ¬ 
ences  in  the  extent  of  C9  incorporation  into  the  C5b-9 
complex.  .Second,  the  C5b-9  complex  is  bound  in  a  different 


form  on  serum-sensitive  than  serum-resistant  organisms. 
The  major  bactericidal  form  of  C5b-9  on  the  surface  of 
serum-sensitive  N.  gonorrhoeae  strains  sediments  as  a  33S 
complex  when  extracted  with  Zwittergent  detergents,  but 
nonbactericidal  C5b-9  complexes  on  serum-resistant  N.  gon¬ 
orrhoeae  strains  exist  as  larger  aggregates  of  C5b-9  or  as 
C5b-9  complexed  to  bacterial  outer  membranes.  Presensiti¬ 
zation  of  serum-resistant  N.  gonorrhoeae  with  immune 
rabbit  serum  that  is  bactericidal  converts  serum-resistant 
organisms  to  serum-sensitive  ones,  alters  the  release  of 
C5b-9  by  trypsin,  and  changes  the  sedimentation  properties 
of  C5b-9  complexes  to  coincide  with  those  seen  in  serum- 
sensitive  organisms  incubated  in  NHS  (27).  Bactericidal  and 
nonbactericidal  complexes  (C5b-9)  bind  to  identical  radiola¬ 
beled  protein  components  of  the  outer  membrane;  however, 
bactericidal  C5b-9  also  binds  to  additional  proteins  (28). 
Taken  together,  these  studies  have  suggested  quantitatively 
but  not  qualitatively  the  equal  presence  of  C5b  on  the 
surfaces  of  serum-sensitive  and  serum-resistant  gonococci. 
Binding  to  other  constituents  of  the  outer  membrane,  par¬ 
ticularly  LOSs.  has  not  been  reported. 

Separate  studies  have  examined  the  generation  of  C5a;  the 
formation  of  C5a  is  stoichiometrically  related  to  C5b  forma¬ 
tion.  These  results  suggest  a  different  interpretation  of  the 
data  from  that  indicated  above.  When  phenotypically  stable 
serum-resistant  strains  are  incubated  in  NHS.  C5a  genera¬ 
tion  is  significantly  lower  than  when  serum-sensitive  strains 
are  used  (11).  yet  C5b  binding  is  the  same  for  both  pheno¬ 
types  (22,  27).  Nevertheless,  immune  serum  from  DGI 
patients,  particularly  IgG  LOS  antibody  that  converts  organ¬ 
isms  from  the  serum-resistant  phenotype  to  the  serum- 
sensitive  phenotype,  permits  additional  generation  of  C5a  by 
strains  that  otherwise  minimally  generate  C5a  and  resist 
killing  by  NHS  (11).  Perhaps  the  discrepancy  between 
unequal  C5a  generation  by  each  of  the  two  phenotypes 
versus  equal  C5b  binding  may  be  explained  by  differences  in 
the  C5  convertases  present  in  each  case.  This  difference  may 
produce  altered  efficiency  of  C5b  adherence  that  results  m 
diminished  C5b  binding  to  serum-sensitive  organisms,  de- 
.spite  a  given  amount  of  C5a  release.  Effective  MAC  forma¬ 
tion  may  also  play  a  role  in  C5a  generation.  Perhaps  incu¬ 
bation  of  serum-sensitive  organisms  in  C8-deficient  serum, 
which  cannot  kill  gonococci,  would  result  in  decreased 
release  of  C5a  compared  with  that  obtained  after  incubation 
in  NHS.  Such  is  the  case  in  analogous  systems  in  which 
sensitized  sheep  erythrocytes  are  used  instead  of  bacteria. 
Replacement  of  C8  in  these  systems  restores  the  levels  of 
released  C5a  (19). 

The  effect  of  MACs  on  earlier  stages  of  the  complement 
system  is  also  reflected  in  the  kinetics  of  factor  B  binding 
onto  serum-sensitive  organisms  incubated  in  NHS  versus 
C8-deficient  human  serum.  Although  both  C3  and  factor  B 
binding  to  serum-sensitive  gonococci  start  out  equally  in 
these  sera,  prolonged  incubation  (>5  min)  results  in  a  decay 
in  factor  B  binding  to  serum-sensitive  gonococci  in  NHS  but 
not  in  C8-deficient  serum,  in  which  no  effective  C5b-9  is 
formed.  C3  binding  increases  over  time  and  is  equal  in  both 
sera  (14).  Selective  loss  of  factor  B  from  gonococcal  surfaces 
incubated  in  NHS  compared  with  C8-deficient  serum  could 
reflect  a  role  of  the  MAC  in  promoting  the  dissociation  of  the 
C3bBb-properidin  complex  or  facilitating  the  action  of  factor 
H  or  I  in  the  dissociating  process  that  results  in  loss  of  factor 
B  but  maintenance  of  C3b.  This  suggests  that  events  that 
transpire  to  create  effective  complement  fixation  may  occur 
at  the  point  of  or  before  C3  fixation.  The  presence  and 
quantity  of  bactericidal  antibody  are  also  important  in  this 


sn<i 


Voi .  2,  1989 

case,  because  C.^b  can  bind  to  antibody  directly,  and  the 
function  of  C.^b  is  thereby  enhanced  as  a  result  of  relative 
protection  from  cleavage  by  factors  H  and  1  (4,  16,  2,S). 

The  role  of  gonococcal  activation  of  specific  complement 
pathways  has  also  been  investigated.  Gonococcal  killing  by 
NHS  and  human  serum  deficient  in  properidin  proceeds  with 
identical  kinetics  in  both  cases  (1.1).  Killing  in  human  serum 
deficient  in  C2  occurs  following  a  longer  incubation  period, 
but  subsequently  the  rate  of  killing  is  similar  to  that  observed 
in  NHS  and  in  properidin-deficient  serum.  These  similar 
killing  kinetics  may  reflect  efficient  activation  of  the  classical 
pathway  in  both  NHS  and  properidin-deficient  serum.  How¬ 
ever,  greater  C.l  fixation  occurs  in  NHS  and  is  due  to 
recruitment  of  the  alternative  pathway  (13).  Gonococci 
correspondingly  increase  their  ability  to  bind  properidin  as 
they  become  more  serum  sensitive  (24),  The  addition  of  the 
alternative  pathway  increases  by  40%  the  effective  insertion 
of  MACs  by  the  classical  pathway  when  L.OS  antigens 
prepared  from  serum-sensitive  gonococci  are  inserted  into 
liposomal  membranes  and  used  as  targets  for  antibody- 
mediated  insertion  of  MACs.  The  alternative  pathway  alone, 
however,  achieves  only  12%  of  the  total  insertion  of  MACs, 
indicating  that  the  classical  pathway  facilitates  activation  of 
the  alternative  pathway  in  this  system  (M.  L.  Schulz.  P.  A. 
Dale.  K.  Y.  Lung,  and  P.  A.  Rice,  unpublished  observa¬ 
tions). 

These  findings  together  suggest  that  C.3  may  be  deposited 
at  different  sites  on  serum-sensitive  gonococci,  particularly 
their  LOS  molecules.  This  may  depend  on  the  complement 
pathway  that  is  active  in  the  serum.  Alternatively,  C3  may 
be  deposited  at  the  same  site  by  both  pathways,  but  the 
efficiency  with  which  it  serves  as  a  permissive  site  for 
additional  C5  convertase  formation  may  differ. 

CONCLUSIONS 

Resistance  of  A',  aonarrhaecie  to  killing  by  NHS  is  prob¬ 
ably  exhibited  by  all  strains  in  vivo.  After  in  vitro  subcul¬ 
ture,  however,  some  strains  become  serum  sensitive,  while 
others  remain  resistant  (stable  serum  resistance).  The  mo¬ 
lecular  basis  for  resistance  to  NHS  is  multifactorial.  In  vivo 
resistance  may  result  from  sialidation,  in  vivo,  of  gonococcal 
LOSs,  thereby  providing  the  organism  with  a  eucaryotic 
antigenic  look  against  which  there  may  be  no  human  anti¬ 
body.  Strains  subcultured  in  vitro  with  commonly  used 
bacteriologic  media  are  no  longer  sialidated  but.  neverthe¬ 
less.  may  remain  serum  resistant  (stable  serum  resistance). 
Stable  (in  vitro)  resistance  may  also  be  due.  in  part,  to  the 
absence  of  antibody  in  NHS  directed  against  surface-ex¬ 
posed  LOS  bactericidal  or  lytic  sites.  However.  LOS  sites 
on  stable  serum-resistant  organisms  may  be  suitable  for 
recognition  by  antibodies  present  in  immune  gonococcal 
sera,  thereby  rendering  these  strains  sensitive  to  immune 
sera.  Serum-sensitive  strains  harbor  exposed  LOS  lytic 
epitopes  recognized  from  the  outset  by  NHS  after  organisms 
are  subcultured. 

Other  mechanisms  also  contribute  to  serum  resistance. 
Blocking  antibodies  directed  against  outer  membrane  pro¬ 
teins.  such  as  PHI.  prevent  binding  by  bactericidal  antibod¬ 
ies  and  render  N.  fionorrhoeae  serum  resistant.  Serum 
resistance  does  not  prevent  formation  of  MACs  of  comple¬ 
ment.  but,  rather,  MACs  do  not  fully  insert  through  the  outer 
membranes  of  serum-resistant  gonococci,  and  death  of  the 
organism  does  not  ensue.  In  addition,  the  development  of  C5 
convertases  is  reduced  when  serum-resistant  organisms  are 
incubated  in  NHS.  and  this  may  also  contribute  to  serum 
resistance. 
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Meningococcal  disease  is  a  significant  cause  of  mortality 
and  morbidity  throughout  the  world  (40.  49).  Although  rates 
of  endemic  meningococcal  disease  range  from  1  to  .V1(K).0(K) 
in  the  United  States  (26)  to  10  to  2.‘'/100.(KX)  in  many  parts  of 
the  developing  world  (47).  this  disease  is  noteworthy  for 
causing  major,  periodic  epidemics  with  attack  rates  exceed¬ 
ing  5(K1/1(K).(KK)  (10).  The  descriptive  epidemiology  and  the 
patterns  of  illness  of  each  of  the  major  meningococcal 
serogroups  have  been  characterized  in  several  recent  re¬ 
views  (26.  40).  Current  epidemiologic  efforts  are  focused  on 
improving  (i)  the  surveillance  for  meningococcal  disease  by 
using  new  techniques  to  identify  clonal  populations  (7.  .49) 
and  (ii)  the  understanding  of  individual  risk  factors  for  illness 
and  antecedents  of  epidemic  disease  by  using  both  classical 
epidemiologic  techniques  and  immunologic  methods  (24).  In 
this  report,  we  review  recent  developments  in  both  areas  of 
investigation,  emphasizing  the  continued  importance  of  sur¬ 
veillance  (including  serogrouping)  and  a  multidisciplinary 
approach  to  the  analysis  of  risk  factors. 

SURVEILLANCE:  CHANGES  IN  THE  PATTERNS 
OF  DISEASE 

Nine  meningococcus  serogroups  can  cause  invasive  dis¬ 
ease.  with  most  illness  caused  by  serogroups  A.  B.  and  C. 
Attack  rates  are  highest  in  infants  from  .4  months  to  1  year 
old  and  then  decrease  with  age.  Currently  available  vaccines 
are  effective  in  protecting  against  disease  caused  by  sero¬ 
groups  A,  C.  Y,  and  W-1.4.S.  Infants  respond  poorly  to 
polysaccharide  antigens,  however,  and  vaccination  has  lim¬ 
ited  efficacy  in  preventing  disease  among  those  at  highest 
risk.  During  the  past  decade,  changes  have  occurred  in  the 
patterns  of  disease  caused  by  each  of  these  serogroups  as 
new  strains  have  emerged  and  spread. 

Epidemic  group  A  meningococcal  disease  has  been  docu¬ 
mented  in  various  parts  of  the  developing  world,  with 
outbreaks  beginning  during  the  dry  season  and  ending  with 
the  onset  of  the  rainy  season.  Attack  rates  generally  range 
from  1(K)  to  .40()/l(H),(K)fl.  Periodic  outbreaks  occur  across 
sub-Saharan  Africa  at  intervals  of  8  to  12  years,  with  recent 
outbreaks  occurring  in  Chad  and  Sudan  (in  1988). 

Outbreaks  in  developed  countries  have  been  infrequent 
since  a  pandemic  swept  Europe  and  North  America  follow¬ 
ing  the  Second  World  War.  When  group  A  disease  occurs  in 
a  developed  country,  cases  are  concentrated  in  the  poorest 
sectors  of  society  (9.  4.4).  reflecting  other  potential  risk 
factors  such  as  sanitation,  crowding,  and  family  size.  The 
most  recent  such  outbreak  occurred  in  Auckland.  New 
Zealand,  during  the  winters  of  198.4  to  1987.  Over  280  cases 
were  reported,  with  attack  rates  almost  2()-fold  higher  in  the 
Maori  and  Pacific  Islander  communities  than  among  the 
more  affluent  New  Zealanders  of  European  descent  (D. 
Lennon.  L.  Voss.  D.  Hood,  and  B.  Gellin.  Pediatr.  Res. 
23:.474A.  1988).  Isoenzyme  typing,  a  technique  that  identifies 
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strains  on  the  basis  of  the  electrophoretic  mobility  of  a  panel 
of  enzymes,  suggests  that  the  strain  responsible  for  the  New 
Zealand  outbreak  was  the  same  strain  that  caused  an  earlier 
outbreak  in  the  northwestern  United  States  among  skid  road 
inhabitants  (B.  Gellin.  personal  communication).  Of  14  New 
Zealand  group  A  isolates  from  patients  with  disease  between 
1980  and  198.4,  13  were  of  the  outbreak  strain,  indicating  that 
this  strain  had  been  present  in  the  population  for  several 
years  prior  to  the  outbreak.  The  factors  that  precipitated  the 
198.4  outbreak  are  not  known. 

With  increased  international  travel,  global  dissemination 
of  an  outbreak-associated  strain  may  become  more  common. 
One  example  of  this  potential  is  provided  by  an  epidemic  of 
group  A  meningococcal  disease  occurring  in  association  with 
the  annual  Moslem  pilgrimage  (Haj)  to  Mecca.  Each  year, 
over  a  million  Moslems  from  throughout  the  world  perform 
the  Haj.  In  summer  1987.  group  A  meningococcal  disease 
brought  into  Saudi  Arabia  by  arriving  pilgrims  spread 
throughout  this  gathering,  resulting  in  several  thousand 
cases  of  invasive  disease  (46).  As  the  Hajis  returned  to  their 
home  countries,  the  virulent  group  A  strain  was  carried 
throughout  the  world.  Secondary  outbreaks  among  Hajis. 
their  contacts,  and,  eventually,  individuals  having  no  direct 
contact  with  Hajis  occurred  in  Saudi  Arabia,  in  other  Gulf 
states  (37).  and  in  Pakistan.  Although  isolated  secondary 
cases  occurred  in  developed  countries  (11.  43),  illness  did 
not  spread  to  the  general  community.  Despite  steps  taken  to 
prevent  future  outbreaks  during  the  pilgrimage  through 
vaccination  of  Hajis.  transmission  of  pharyngeal  carriage 
will  not  be  affected.  Other  large-scale  population  movements 
(e.g..  refugees)  may  present  similar  problems. 

Group  B  meningococci  are  recognized  to  be  the  major 
cause  of  sporadic  meningococcal  disease  in  developed  coun¬ 
tries  (26.  40).  When  outbreaks  do  occur,  the  attack  rates 
usually  range  from  10  to  .40/100.000,  an  order  of  magnitude 
less  than  attack  rates  during  group  A  outbreaks.  During  the 
late  1970s.  a  group  B  clone  (serotype  1.4.  ET-,4  complex) 
emerged  in  northwestern  Europe  and  was  responsible  for 
outbreaks  in  Norway.  Iceland.  Denmark,  the  Netherlands, 
and  Great  Britain  (42).  Intercontinental  spread  of  this  clone 
had  been  documented,  with  outbreaks  occurring  in  Cuba  (in 
1980),  in  Chile  (in  198.4),  and  currently  in  Rio  de  Janeiro  and 
Sao  Paulo.  Brazil  (7).  Strains  of  this  type  have  also  been 
isolated  from  patients  in  the  United  States,  although  as  of 
1988.  they  have  caused  only  a  small  fraction  of  sporadic 
meningococcal  infections. 

Group  C  meningococci  have  been  implicated  in  large 
outbreaks  (4),  small  disease  clusters  (30).  and  sporadic 
infcc(ions.  Changes  in  the  predominant  strains  and  the 
disease  pattern  for  this  serogroup  have  also  occurred.  Dur¬ 
ing  the  1980s.  the  proportion  of  sporadic  disease  caused  by 
group  C  organisms  increased  in  several  European  countries; 
a  single  strain  was  responsible  for  much  of  the  increase  (29). 
In  the  United  States,  active  surveillance  for  meningococcal 
infections  conducted  by  the  Centers  for  Disease  Control  in 
six  regions  of  the  United  States  during  1986  and  1987  found 
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group  C  to  be  the  major  serogroup  responsible  for  sporadic 
disease  in  two  of  the  regions  studied  (Los  Angeles  County 
and  the  state  of  Tennessee).  The  absolute  attack  rate  of 
disease  in  Los  .Angeles  increased  threefold  as  a  result  of 
increased  rates  of  group  C  meningococcal  disease.  Isoen¬ 
zyme  typing  of  surveillance  isolates  from  Los  Angeles 
County  identified  a  single  clone  as  being  responsible  for  this 
increase.  Only  1  of  33  strains  isolated  from  patients  in  1980 
to  1985  was  this  type.  Isolates  from  Tennessee  were  divided 
between  the  Los  Angeles  type  and  a  genetically  related 
strain,  differing  at  only  one  enzyme  locus  (B.  Gellin.  unpub¬ 
lished  observations). 

These  changes  in  strain  types  and  patterns  of  disease  for 
each  of  the  three  major  serogroups  emphasize  the  need  for 
continued  surveillance  and  typing  of  strains  isolated  during 
outbreaks  and  sporadic  disease  episodes.  Serotyping  is 
especially  important  for  group  B  strains,  in  which  immunity 
may  be  type  specific  rather  than  group  specific,  and  infor¬ 
mation  about  the  strains  predominating  in  a  population  will 
be  important  in  developing  an  effective  vaccine. 

RISK  FACTORS  FOR  MENINGOCOCCAL  DISEASE 

The  second  major  focus  of  meningococcal  disease  epi¬ 
demiology  has  been  to  determine  risk  factors  for  meningo¬ 
coccal  disease.  Although  the  descriptive  epidemiology  of 
endemic  and  epidemic  meningococcal  disease  has  been  well 
documented,  individual  risk  factors  for  illness  are  poorly 
understood.  With  the  availability  of  preventive  measures 
such  as  vaccination,  predicting  who  will  develop  meningo¬ 
coccal  disease  and  determining  which  risk  factors  lead  to 
epidemic  spread  of  illness  become  crucial  for  targeting 
intervention  to  populations  at  greatest  risk. 

Progress  in  characterizing  risk  factors  for  meningococcal 
disease  has  been  slow,  because  it  has  been  hampered  by  the 
infrequent  occurrence  of  outbreaks  in  developed  countries 
and  the  difficulty  in  conducting  epidemiologic  investigations 
in  developing  countries.  Moreover,  risk  factors  may  vary 
between  developed  and  developing  countries,  between  en¬ 
demic  and  epidemic  disease,  and  among  illnesses  caused  by 
various  serogroups.  When  studies  have  been  done,  results 
often  conflict.  Methodologic  problems  have  contributed  to 
the  confusion.  Misclassification  of  cases  can  occur  by  in¬ 
cluding  individuals  without  culture-documented  meningo¬ 
coccal  infection  or  by  including  patients  with  meningitis 
caused  by  meningococcal  strains  not  of  the  epidemic  type. 
Measurement  of  important  variables  such  as  crowding, 
socioeconomic  status,  and  ventilation  are  not  standardized 
and  differ  in  various  reports.  Studies  reporting  a  positive 
association  may  have  reached  a  level  of  statistical  signifi¬ 
cance  by  chance,  whereas  those  finding  no  association  may 
have  had  an  insufficiently  large  sample  size  to  detect  a  true 
risk  factor. 

An  additional  difficulty  in  determining  risk  factors  for 
infection  has  been  that  potential  risk  factors  are  usually 
evaluated  only  as  they  relate  to  the  occurrence  of  invasive 
disease.  Before  invasive  disease  develops,  however,  several 
steps  must  occur,  beginning  with  exposure  to  a  carrier, 
transmission  of  infection,  and  establishment  of  carriage  or 
disease.  Risk  factors  acting  at  the  earlier  stages  may  have 
only  an  indirect  effect  on  disease  occurrence  or.  depending 
on  other  associated  factors,  may  have  no  effect  at  all. 

By  breaking  down  the  development  of  meningococcal 
disease  into  its  constituent  steps  and  evaluating  the  contri¬ 
bution  of  potential  risk  factors  at  each  step,  a  clearer  pic¬ 
ture  of  their  impact  emerges.  We  have  developed  a  model 
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FIG.  1.  Factors  determining  the  occurrence  of  meningococcal 
disease. 


for  meningococcal  infection  that  examines  the  sequence 
of  events  ending  with  invasive  disease  and  have  evaluat¬ 
ed  the  role  of  potential  risk  factors  at  each  step  in  the 
sequence.  Although  this  model  provides  a  framework  for  the 
evaluation  of  various  potential  risk  factors,  it  also  makes 
clear  the  gaps  in  our  understanding  of  meningococcal  disease 
epidemiology.  The  model  includes  three  stages:  first,  expo¬ 
sure  to  a  meningococcal  carrier;  second,  acquisition  of 
infection;  and.  third,  development  of  carriage  or  invasive 
disease  (Fig.  1). 


Stage  I;  Exposure 

Humans  are  the  only  natural  host  for  meningococci. 
Therefore,  infection  can  be  acquired  only  after  exposure  to  a 
carrier  of  the  organism.  The  likelihood  of  contact  with  a 
carrier  depends,  in  part,  on  the  prevalence  of  carriage  in  the 
population.  Reported  carriage  rates  vary  widely  among 
studies,  which  have  been  conducted  in  both  developed  and 
developing  countries  during  periods  of  both  endemic  and 
epidemic  disease. 

During  periods  of  endemic  disease  in  the  United  States. 
Greenfield  et  al.  found  an  overall  carriage  rate  of  5.7%  (20), 
whereas  Gold  et  al.  found  rates  between  0.6  and  2.0%  (17). 
In  both  studies,  the  most  common  groupable  strains  were 
serogroup  B  followed  by  serogroup  Y.  No  group  A  strains 
were  isolated  in  either  study.  Meningococcal  carriage  rates 
were  highest  in  older  children  and  young  adults.  In  contrast, 
N.  lactamica  was  most  commonly  found  in  children  between 
1  and  4  years  old. 

Three  European  studies  evaluated  carriage  during  out¬ 
breaks  of  serogroup  B  meningococcal  disease.  A  survey 
conducted  in  two  Belgium  schools  during  a  serotype  B2 
outbreak  showed  a  carriage  rate  of  9.8%  in  a  school  with  a 
student  population  that  was  of  moderate  to  high  socioeco¬ 
nomic  class  and  a  carriage  rate  of  32.6%  in  a  school  serving 
families  of  lower  socioeconomic  class.  Most  isolates  from 
both  schools  were  group  B  or  W-135  (12).  Serotyping  of 
carriage  strains  and  comparison  with  the  outbreak  strain 
were  not  done.  During  an  outbreak  of  serotype  B15  disease 
in  England,  a  community  survey  showed  10.9%  of  individu¬ 
als  to  be  meningococcal  carriers,  with  1.4%  carrying  the 
outbreak  strain.  Among  schoolchildren,  rates  were  12.6  and 
1.5%,  respectively  (6).  Similar  rates  were  obtained  by 
Caugant  et  al.  during  an  outbreak  in  Norway  (8).  They  found 
an  overall  carriage  rate  of  10.1%  ,  with  only  0.7  and  0.9% 
being  carriers  of  the  strains  causing  over  90%  of  the  invasive 
disease. 
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In  developing  countries,  carriage  rates  also  vary  with  age. 
socioeconomic  status,  the  presence  of  an  ongoing  epidemic, 
and  the  particular  strains  that  are  predominant  in  the  area. 
During  a  nonepidemic  period  in  northern  Nigeria,  KKy  of 
those  surveyed  were  carriers,  w  ith  the  highest  rates  occur¬ 
ring  in  voting  adults.  Strains  most  frequently  isolated  were 
group  B  (.s8'~f )  and  group  C  (24'V);  only  IFr  were  group  A. 
No  seasonal  variation  in  carriage  rate  was  noted  136). 
Blakehrough  et  al.  examined  carriage  at  a  school  and  its 
surrounding  village  in  northern  Nigeria  at  times  of  both 
endemic  and  epidemic  group  .A  disease  |2).  Before  the 
outbreak.  1''}  of  schoolchildren  were  carriers,  primarily  of 
group  C  strains.  During  the  outbreak,  the  overall  carriage 
rate  was  not  significantly  different  (9''r).  hut  a  larger  propor¬ 
tion  of  isolates  were  group  (72''?  versus  13''^?  before  the 
outbreak);  9'?  of  children  also  carried  N.  hictamicd.  The 
village  survey  showed  similar  results,  with  a  shift  to  sero- 
group  .A  carriage  during  the  outbreak  period.  Carriage  stud¬ 
ies  during  a  previous  group  A  outbreak  in  Nigeria  gave 
similar  results,  identifying  7.4'??  of  the  population  as  menin¬ 
gococcal  carriers,  of  whom  3.'''.'?  carried  group  A  strains  (27). 

Strain  characteristics  also  influence  carriage  rates.  Clonal 
analyses  of  group  B  strains  show  different  rates  of  carriage 
and  disease  for  different  strains.  The  duration  of  carriage 
varies  with  serogroup  as  well.  Studies  in  developed  and 
developing  countries  during  periods  of  endemic  disease 
show  low  rates  of  group  A  carriage  relative  to  the  other 
serogroups.  However,  since  culture  surveys  measure  the 
point  prevalence  of  carriage,  the  rate  is  dependent  on  both 
the  acquisition  rate  and  the  duration  of  carriage.  Studies 
from  Saudi  .Arabia  and  Nigeria  document  a  mean  duration  of 
1  month  for  group  ,A  carriage  (2,  9).  The  Nigerian  study 
showed  a  significantly  longer  duration  for  carriage  of  non¬ 
group  A  iV.  mcninf’itidis.  Although  the  prevalence  of  group 
A  carriage  may  be  low.  the  incidence  (the  number  who 
acquire  this  organism  during  a  given  period)  tends  to  be 
relatively  high.  The  high  incidence  of  occult  infection,  as 
measured  by  antibody  studies  (2>,  increases  the  likelihood  of 
exposure  to  someone  carrying  a  strain  from  this  serogroup. 
Reasons  for  the  difference  between  serogroups  in  duration  of 
carriage  are  not  known. 

Results  of  these  carriage  surveys  suggest  several  conclu¬ 
sions:  (i)  carriage  rates  are  highest  in  school-age  children 
and  young  adults:  (ii)  carriage  rates  may  be  higher  in  persons 
of  low  socioeconomic  status;  (iii)  carriage  rates  do  not 
vary  with  the  seasons;  (iv)  strains  isolated  during  inter¬ 
epidemic  and  epidemic  periods  are  heterogeneous,  with  a 
shift  to  group  A  carriage  during  group  A  outbreaks  (this 
shift  to  carriage  of  the  epidemic  strain  did  not  occur  during 
group  B  outbreaks  that  have  been  studied);  and  (v)  strain 
characteristics  affect  carriage  rates,  with  carriage  strains  not 
necessarily  corresponding  to  strains  causing  invasive  dis¬ 
ease. 

.Stage  II:  Acquisition  of  Infection 

Not  all  individuals  exposed  to  a  meningococcal  carrier  will 
acquire  infection.  Meningococci  are  spread  via  respiratory 
droplets.  Therefore,  transmission  of  infection  requires  aspi¬ 
ration  of  infective  particles  by  noncarriers.  Factors  that 
increase  the  likelihood  of  this  include  those  that  increase  the 
number  of  aerosolized  particles,  prolong  survival  of  the 
meningococci  in  the  droplet,  and  increase  the  chance  of 
contact  of  noncarriers  with  infective  particles.  The  immuno¬ 
logic  status  of  potential  hosts  may  also  be  important,  a  factor 
that  will  be  reviewed  briefly.  Organism-related  factors,  es¬ 


pecially  those  affecting  attachment  to  the  pharyngeal  mu¬ 
cosa.  are  also  likely  to  be  important. 

Formation  of  respiratory  droplets  is  enhanced  by  coughing 
and  sneezing.  If  carriers  express  symptoms,  either  related  to 
an  intercurrent  viral  upper  respiratory  infection  or  produced 
by  the  carriage  itself,  the  formation  of  respiratory  droplets 
would  be  increased.  Olcen  et  al.  obtained  pharyngeal  cul¬ 
tures  from  64  family  members  of  patients  with  meningococ¬ 
cal  disease,  25  (39'T)  of  whom  were  carriers,  with  22 
carrying  the  same  strain  as  the  patient  (38).  Of  24  carriers 
interviewed.  20  (839f)  reported  upper  respiratory  infection 
symptoms,  compared  with  13  (35%)  of  37  noncarriers.  Sim¬ 
ilar  results  were  noted  by  Moore  et  al.,  who  found  fever, 
sore  throat,  and  cough  to  be  more  common  in  carriers  of 
group  A  meningococci  than  in  noncarriers  (34). 

Following  the  aerosolization  of  particles  containing  men¬ 
ingococci.  factors  that  increase  the  survival  of  the  organism 
in  the  environment  may  increase  the  likelihood  of  transmis¬ 
sion  of  infection.  A  field  study  to  evaluate  the  effect  of 
season  and  ventilation  on  aerosolized  bacteria  was  con¬ 
ducted  in  Mali  and  Burkina  Faso  in  1968  to  1969.  in  which  air 
samples  were  obtained  from  various  types  of  dwellings 
during  both  the  dry  and  rainy  seasons.  Although  no  menin¬ 
gococci  were  isolated,  greater  concentrations  of  viable  bac¬ 
teria  were  present  during  the  dry  season  (humidity.  18  to 
68'?f )  than  during  the  rainy  season  (humidity.  56  to  92%)  (16). 
The  temperatures  weic  similar  in  both  seasons.  No  conclu¬ 
sions  could  be  reached  regarding  the  effect  of  ventilation  on 
the  indoor  concentration  of  airborne  bacteria.  We  know  of 
no  studies  of  the  effect  of  temperature  on  the  survival  of 
meningococci  in  the  environment,  but  expect  that  desicca¬ 
tion  may  occur  more  rapidly  at  higher  temperatures. 

Acquisition  of  infection  depends  not  only  on  the  concen¬ 
tration  of  infective  particles  in  the  environment  but  also  on 
the  chance  that  a  noncarrier  will  inhale  those  particles. 
Household  contact  with  a  carrier  was  shown  to  increase  the 
acquisition  rate  from  0.7%  per  month  to  1,6%  per  month 
during  an  epidemic  in  northern  Nigeria  (2).  A  study  con¬ 
ducted  during  a  group  C  epidemic  in  Brazil  showed  a  higher 
carriage  rate  in  persons  living  with  a  patient  who  had 
meningococcal  disease  than  among  those  who  visited  or 
worked  in  the  household  (35).  Hassan-King  et  al.  found  not 
only  a  higher  carriage  rate  in  family  members  than  in  other 
household  contacts,  but  also  a  higher  carriage  rate  among 
persons  who  slept  in  the  same  room  as  a  patient  with 
meningococcal  disease  (27).  Transmission  also  increases 
with  increased  crowding  within  a  household.  During  the  1987 
group  A  meningococcal  disease  outbreak  in  Saudi  Arabia. 
33%  of  persons  in  households  having  more  than  two  persons 
per  room  were  carriers,  compared  with  only  20%  of  persons 
in  households  having  less  than  two  persons  per  room. 
Bedroom  crowding  was  also  associated  with  increased  rates 
of  carriage  (B.  Schwartz,  unpublished  observation). 

The  role  of  immunologic  factors  in  establishing  an  infec¬ 
tion  is  not  clear.  The  presence  of  group-specific  antibody 
elicited  by  vaccination  does  not  affect  the  carriage  rate  (1.  3). 
Simultaneous  carriage  of  more  than  one  strain  can  also  occur 
(3). 

Stage  III:  Carriage  versus  Invasive  Disease 

Risk  factors  for  invasive  disease  in  persons  with  menin¬ 
gococcal  infection  are  not  completely  understood.  A  combi¬ 
nation  of  host  factors,  environmental  factors,  and  organism 
characteristics  may  be  important  in  affecting  the  balance 
between  carriage  and  disease. 
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Invasive  meningococcal  disease  occurs  primarily  in  per¬ 
sons  who  are  newly  infected  with  the  organism.  In  studying 
military  personnel,  Edwards  et  al.  found  that  31  (86%)  of 
36  patients  had  negative  nasopharyngeal  cultures  during 
the  2  weeks  before  becoming  ill  and  that  4  of  these  were 
culture  negative  the  day  before  developing  disease  (14). 
The  remaining  of  36  patients  had  positive  cultures  less 
than  4  days  prior  to  the  onset  of  illness.  Moreover,  menin¬ 
gococcal  outbreaks  occur  not  at  times  of  high  pharyngeal 
carriage  but  when  the  rate  of  acquisition  of  infection  is 
increased  (48). 

The  presence  of  serum  bactericidal  antibody  (immuno¬ 
globulins  G  and  M)  is  probably  the  most  important  host 
factor  preventing  invasive  disease.  In  a  seminal  series  of 
studies.  Goldschneider  et  al.  demonstrated  a  clear  correla¬ 
tion  between  bactericidal  antibody  titers  and  host  immunity 
(18).  They  found  that  in  a  large  cohort  of  Army  recruits,  94% 
of  soldiers  who  subsequently  developed  meningococcal  dis¬ 
ease  had  group-specific  bactericidal  titers  below  1:4,  in 
contrast  to  healthy  controls.  Interestingly,  meningococcal 
patients  also  had  significantly  lower  group-specific  bacteri¬ 
cidal  titers  against  heterologous  serogroups,  indicating  that 
individual  differences  in  generating  an  effective  immune 
response  may  play  an  important  role  in  disease  susceptibil¬ 
ity.  The  high  rates  of  meningococcal  disease  in  military 
recruits  during  the  prevaccination  era  presumably  resulted 
from  bringing  new  recruits  together,  many  of  whom  did  not 
have  previous  exposure  to  the  invasive  serogroup  or  were 
not  able  to  mount  an  effective  humoral  response.  Disease 
rates  in  veteran  soldiers,  however,  were  much  lower  than  in 
new  recruits  (5).  The  role  of  natural  immunity  in  prevention 
of  invasive  disease  also  explains  the  high  attack  rates  seen  in 
younger  age  groups.  Peak  attack  rates  occur  in  infants  of  6  to 
9  months  old.  an  age  when  maternally  acquired  antibodies 
are  being  lost.  Carriage  of  /V.  kwtcimka  and  other  nonpath- 
ogenic  Neisseria  species  may  provide  immunity  by  stimulat¬ 
ing  protective  antibodies  that  cross-react  with  pathogenic 
strains  (17.  19). 

Although  specific  antibody  is  generally  protective,  this 
immunity  is  not  absolute.  During  an  epidemic  in  the  Gambia, 
Greenwood  et  al.  documented  illness  in  individuals  with 
preexisting  antibody  titers  considered  protective  (22).  Over¬ 
all.  4  of  2.3  patients  had  high  bactericidal  titers  before 
becoming  ill.  Kayhty  et  al.  measured  group-specific  antibody 
titers  and  the  proportion  of  antibodies  in  the  different  immu¬ 
noglobulin  classes  in  acute-phase  serum  samples  from  Finn¬ 
ish  patients  with  group  A  or  C  meningococcal  disease  at  the 
time  of  hospital  admission  (31).  They  found  that  16%  had 
antibody  levels  deemed  protective. 

The  occurrence  of  disease  in  persons  with  preexisting 
“protective"  antibody  levels  has  been  addressed  by  Griffiss, 
who  hypothesized  that  the  activity  of  bactericidal  antibodies 
might  be  blocked  by  immunoglobulin  A  antibodies  induced 
either  by  other  meningococcal  strains  or  by  cross-reacting 
enteric  or  respiratory  bacteria  (23).  This  mechanism  postu¬ 
lates  that  since  immunoglobulin  A  does  not  bind  comple¬ 
ment.  it  may  block  binding  sites  for  other  bactericidal 
antibody  classes.  Accordingly,  outbreaks  of  disease  might 
reflect  transmission  of  cross-reacting  organisms  in  previ¬ 
ously  immune  populations. 

Immune  lysis  by  complement  also  plays  an  important  role 
in  protection  from  meningococcal  disease.  Therefore,  per¬ 
sons  with  complement  deficiency  may  develop  disease  de¬ 
spite  protective  antibody.  Ellison  et  al.  found  primary  or 
secondary  deficiencies  in  6  (.30%)  of  20  individuals  with 
-.poradic  infection  in  the  United  .States  (T‘5).  Studies  con¬ 


(MENINGOCOCCAI.  Dl.SEA.SE  EPIOFMIOLOGY 

ducted  during  group  A  epidemics  in  Africa,  however,  indi¬ 
cated  that  this  was  not  a  significant  factor  in  determining 
who  developed  disease  (22). 

The  condition  of  the  host  pharyngeal  mucosa  and  respira¬ 
tory  epithelium  may  also  be  important  in  protection  from 
invasive  disease.  Concurrent  viral  upper  respiratory  infec¬ 
tions  may  denude  the  mucosa  (32)  and  increase  invasion  by 
the  organism.  Sporadic  cases  and  outbreaks  of  mehingococ- 
cal  disease  have  clearly  been  associated  with  concurrent 
viral  upper  respiratory  tract  illness  (33.  50).  During  an 
epidemic  in  Chad,  patients  with  meningococcal  disease  were 
found  to  shed  respiratory  viruses  and  mycoplasma  at  a 
significantly  higher  rate  than  age-  and  sex-matched  controls 
(P.  Moore,  unpublished  observation).  An  investigation  of  a 
simultaneous  outbreak  of  meningococcal  disease  and  influ¬ 
enza  showed  that  both  meningococcal  carriage  and  disease 
were  significantly  more  common  among  patients  with  sero¬ 
logic  evidence  of  influenza  infection,  despite  similar  levels  of 
exposure  between  patients  with  and  without  the  viral  illness 
(50). 

Other  factors  may  also  affect  the  integrity  of  the  respira¬ 
tory  mucosa,  degrading  its  effectiveness  as  a  barrier  to 
invasion.  One  explanation  for  the  seasonality  of  epidemic 
group  A  disease  is  that  during  the  dry  season  the  mucosa  is 
chronically  irritated.  This  problem  may  be  exacerbated  by 
periodic  dust  storms.  During  the  1988  outbreak  in  Chad,  the 
rate  of  disease  had  been  declining  until  a  dust  storm  occurred 
that  was  followed  by  a  subsequent  increase  in  cases  (T. 
Lippeveld.  personal  communication),  and  Greenwood  et  al. 
found  a  significant  association  between  the  number  of  cases 
of  meningococcal  disease  in  Nigeria  and  the  intensity  of  the 
harmattan.  a  dry.  dusty  wind  from  the  Sahara  (21).  Exposure 
to  cigarette  smoke  was  also  found  to  be  related  to  developing 
disease  (25). 

Strain  characteristics  also  affect  the  balance  between 
carriage  and  disease  (28).  Different  serogroups  are  clearly 
responsible  for  different  patterns  of  meningococcal  disease. 
Within  serogroups.  some  strains  are  more  closely  associated 
with  epidemic  disease,  whereas  others  are  less  likely  to 
cause  infection.  Olyhoek  et  al.  used  isoenzyme  electropho¬ 
resis  and  monoclonal  typing  to  distinguish  clonal  populations 
in  a  large  series  of  group  A  meningococcal  isolates  from  28 
different  epidemics  (39).  In  all  but  one  epidemic,  a  single 
clonal  population  was  responsible  for  illness.  Several  clones 
were  implicated  in  multiple  epidemics,  whereas  others  were 
unrelated  to  epidemic  disease.  Differences  in  the  disease- 
to-carriage  ratio  have  been  shown  for  group  B  strains  as  well 
(8). 

The  effect  of  environmental  factors  on  the  risk  of  invasive 
disease  is  difficult  to  evaluate,  since  the  same  factors  may 
affect  the  risk  of  exposure  to  a  carrier  and  the  likelihood  that 
transmission  will  occur.  For  example,  household  contact 
with  a  carrier  increases  the  transmission  of  infection  (stage 
II)  and  also  increases  the  occurrence  of  disease.  Although 
carriage  rates  in  household  members  of  patients  are  in¬ 
creased  approximately  threefold  (46).  rates  of  disease  in 
household  members  are  increased  several  hundredfold  (13). 
Household  crowding  may  independently  affect  both  the 
transmission  of  infection  and  the  occurrence  of  disease  (44). 
Transmission  of  potential  cofactors,  such  as  cross-reacting 
organisms  or  upper  respiratory  infection  agents,  could  be 
increased  in  more  crowded  conditions.  Since  several  dif¬ 
ferent  meningococcal  strains  are  present  in  the  population  at 
any  time,  the  occurrence  of  secondary  cases  in  a  household 
may  be  only  a  marker  for  the  presence  of  a  strain  more  likely 
to  cause  disease  in  that  family.  It  is  also  possible  that 
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increased  household  attack  rates  reflect  a  common  genetic 
susceptibility  to  disease  in  family  members. 

OCCURRENCE  OF  MENINGOCOCCAL  EPIDEMICS 

Epidemics  of  meningococcal  disease  are  composed  of 
individual  ca.ses  clustered  in  time  and  space.  Therefore, 
factors  that  precipitate  an  epidemic  must  also  be  risk  factors 
for  individual  cases.  Since  carriage  rates  do  not  correspond 
to  the  rate  of  invasive  disease  and  may  not  increase  signifi¬ 
cantly  during  an  epidemic,  risk  factors  for  epidemic  disease 
are  likely  to  be  those  affecting  the  balance  between  carriage 
and  invasive  disease  (stage  III  in  the  model). 

A  combination  of  factors  must  exist  for  an  epidemic  to 
occur.  The  descriptive  epidemiology  of  meningococcal  out¬ 
breaks  provides  a  clue  to  what  factors  might  be  important. 
For  example,  periodic  outbreaks  of  group  A  meningococcal 
disease  occurred  in  both  the  United  States  and  Africa  before 
the  1950s.  Although  major  epidemics  in  sub-Saharan  Africa 
continue  to  follow  this  pattern,  outbreaks  in  developed 
nations  are  infrequent  and  are  generally  restricted  to  the 
poorest  sectors  of  society.  Meningococcal  outbreaks  also 
tend  to  be  seasonal,  and  the  mean  age  for  patients  during  an 
outbreak  is  above  that  for  those  with  sporadic  disea.se  (41). 
These  features  suggest  that  socioeconomic  status  (or  a 
correlate,  such  as  sanitation  or  crowding),  season,  and 
immunity  are  important  factors  in  the  occurrence  of  epi¬ 
demic  disease.  Strain  characteristics  are  important  as  well. 
The  introduction  of  a  virulent  strain  into  a  p.eviously  unex¬ 
posed  population,  as  may  have  occu-  aring  the  Haj.  may 
also  precipitate  a  meningococcal  ouf'  .ak.  The  clonal  strain 
causing  this  outbreak,  design  c'’  *1-1  by  Olyhoek  et  al. 
(39).  was  probably  imported  into  Mecca  by  Asian  pilgrims 
and  subsequently  caused  a  major  epidemic  in  Chad  and 
Sudan  in  1988  (Moore. '  apublished).  However,  the  presence 
of  a  virulent  strain  alone  is  usually  not  sufficient  to  result  in 
an  epidemic. 

Risk;  factors  foi  epidemic  disease  can  be  divided  into  two 
groups:  factor.5  that  are  permissive  (i.e.,  necessary  but  not 
sufficient  for  an  outbreak  to  occur),  and  factors  that  act  to 
initiate  an  outbreak.  Immunologic  susceptibility,  appropriate 
climatic  conditions,  low  socioeconomic  status,  and  transmis¬ 
sion  of  a  virulent  strain  appear  to  be  necessary  for  an 
outbreak  to  occur.  If  these  conditions  are  pre.sent,  an  out¬ 
break  can  then  be  precipitated  by  an  initiating  factor,  such  as 
exceptional  climatic  conditions  (excessively  dry  season, 
dust  storms)  or  the  spread  of  an  infectious  cofactor.  In  the 
latter  case,  the  spread  of  a  respiratory  pathogen,  not  men¬ 
ingococci,  might  be  the  primary  initiating  factor  for  a  men- 
ingococal  epidemic. 

No  longitudinal  data  exist  to  document  changes  in  group- 
or  type-specific  specific  immunity  over  time.  Because  of  the 
importance  of  immune  status  in  the  development  of  invasive 
disease,  however,  waning  herd  immunity  to  a  particular 
strain  in  a  population  seems  necessary  for  an  outbreak  to 
occur.  Although  an  outbreak  of  a  coinfecting  organism  that 
induces  cross-reacting  antibodies  might  cause  a  meningococ¬ 
cal  outbreak  in  an  immune  population,  studies  during  out¬ 
breaks  in  The  Gambia  (22)  and  in  Finland  (31)  indicate  that 
only  a  small  proportion  of  cases  occur  in  persons  with 
protective  antibody  titers. 

The  role  of  climatic  factors  in  precipitating  outbreaks  is 
unclear.  Although  outbreaks  occur  during  the  dry  season, 
many  dry  seasons  can  pass  without  epidemic  disease.  Some 
evidence  suggests  that  the  year  preceding  an  epidemic  may 
be  drier  than  average.  Evaluation  of  historical  rainfall  data 


from  Burkina  Faso  and  Mali  since  the  1940s  found  this 
pattern  for  four  of  six  outbreaks  (D.  Le  Comte,  unpublished 
observations).  Additional  data  must  be  evaluated  to  deter¬ 
mine  whether  this  pattern  is  consistent  for  other  group  A 
outbreaks. 

Socioeconomic  factors,  being  constant  over  time,  are 
probably  not  directly  related  to  the  occurrence  of  outbreaks. 
An  outbreak  of  meningococcal  disease  could  be  precipitated 
by  an  outbreak  of  a  concurrent  infection,  however,  which  is 
more  likely  among  those  living  in  poorer,  more  crowded 
conditions.  This  hypothesis  also  needs  further  study. 

CONCLUSIONS 

The  role  of  potential  risk  factors  for  meningococcal  dis¬ 
ease  can  best  be  evaluated  when  the  steps  preceding  the 
onset  of  illness  are  examined  separately.  Different  environ¬ 
mental,  host-related,  and  strain-related  factors  are  important 
during  the  different  steps  in  the  pathogenesis  of  invasive 
disease:  exposure  to  a  carrier,  transmission  of  infection,  and 
development  of  invasive  disease.  Determination  of  individ¬ 
ual  risk  factors  is  also  helpful  in  characterizing  risk  factors 
for  epidemic  disease,  although  assessment  of  the  role  of 
several  key  factors  is  hampered  by  insufficient  longitudinal 
and  population-based  data. 

Morbidity  and  mortality  from  meningococcal  disease  can 
be  significantly  reduced  by  using  currently  available  vac¬ 
cines  in  groups  at  high  risk  for  disease,  particularly  during 
epidemics.  Therefore,  defining  the  risk  factors  for  infection 
and  continuing  surveillance  for  disease  remain  important 
public  health  goals  for  the  control  of  meningococcal  disease. 
However,  polysaccharide  vaccines  are  ineffective  in  young 
children,  and  the  duration  of  protection  is  limited  in  children 
vaccinated  at  1  to  4  years  of  age  (44).  Therefore,  develop¬ 
ment  of  polysaccharide-conjugate  vaccines  should  be  given 
high  priority  for  the  control  of  epidemic  disease  by  routine 
immunization  of  young  children.  A  protective  serogroup 
A-conjugate  vaccine  might  be  effective  in  the  Expanded 
Program  of  Immunization  to  interrupt  the  cyclic  epidemics  in 
the  African  meningitis  belt. 
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The  decrease  in  the  susceptibility  of  S'eisseria  t;onor- 
rlioeae  isolates  to  antimicrobial  agents  has  been  extensively 
documented  over  the  past  four  decades  (12,  20,  34,  67,  76). 
Prior  to  the  isolation  of  |3-lactamase  plasmids  from  gono¬ 
cocci  in  1976,  the  mechanism  of  resistance  to  antimicrobial 
agents  was  Pelieved  to  occur  only  by  chromosomal  mutation 
(68,  70).  In  most  areas,  chromosomal  mutation  remains  the 
major  resistance  mechanism  in  gonococci.  In  the  1980s 
plasmid-mediated  resistance  to  tetracycline  was  character¬ 
ized  in  gonococci  for  the  first  time  (56).  Trends  in  antimicro¬ 
bial  resistance  in  .V.  yonorrhoeae  have  recently  been  mim¬ 
icked  by  other  pathogenic  Neisseria  species  (8.  47).  The 
possibility  that  increasing  numbers  of  N.  meningitidis  iso¬ 
lates  will  acquire  phismid-mediated  resistance  to  penicillin  is 
of  great  medical  concern. 

In  the  present  article,  the  molecular  biology  of  the  p- 
lactamase  plasmids  in  pathogenic  Neisseria  species  is  re¬ 
viewed.  This  includes  a  discussion  of  plasmid  diversity  and 
structure.  ;is  well  as  the  replication  and  mobilization  char¬ 
acteristics  of  these  plasmids.  The  gonococcal  tetr.icycline 
resistance  plasmids  are  not  addressed,  since  they  are  re¬ 
viewed  in  an  accompanying  article  (56).  Finally,  the  genetic 
loci  and  specific  resistances  attributed  to  chromosomal  mu¬ 
tation  are  briefly  reviewed. 

MOLECULAR  BIOLOGY  AND  EVOLUTION  OF 
P-LACTAMASE  PLASMIDS  IN 
NEISSERIA  GONORRHOEAE 

Plasmid  Diversity 

p-Lactamase-producing  isolates  of  N.  ^onorrhoeae  were 
first  isolated  in  1976  in  the  United  Kingdom  and  North 
America  (3.  7.  48,  49,  51).  Strains  from  the  United  Kingdom 
were  linked  epidemiologically  to  West  Africa,  required  argi¬ 
nine  for  grow  th,  were  susceptible  to  tetracycline,  and  carried 
a  5.1-kilobase-pair  (kb)  (reported  size  range,  3.2  to  3.4- 
megadaltons  [MDa|)  p-lactamase  plasmid,  often  called  Afri¬ 
can.  as  well  as  the  4.2-kb  cryptic  plasmid  (11, 49.  55).  Strains 
in  North  America  were  linked  to  the  Far  East,  were  proline 
auxotrophs  or  wild  type,  were  often  less  susceptible  to 
tetracycline,  and  carried  the  4.2-kb  cryptic  plasmid,  a  7,2-kb 
(reported  size  ranges  of  4.4-4. 7-MDa)  p-lactamase  plasmid, 
often  called  Asian,  and  a  .39.2-kb  (24.5-MDa)  transfer  plas¬ 
mid  (11.  49.  55).  Molecular  analysis  and  hybridization  stud¬ 
ies  showed  that  the  African  and  Asian  plasmids  were  iden¬ 
tical  except  for  a  2.1-kb  fragment  missing  from  the  African 
plasmid  (8,  10.  16.  17,  25,  55).  Both  plasmids  produced 
TEM-!  p-lactamase  and  carried  about  4()9f  of  the  transposon 
Tn2  (26.  55,  61).  N.  >>onorrlioeae  strains  harboring  these 
plasmids  have  subsequently  caused  many  outbreaks  world¬ 
wide  (54).  The  host  range  of  these  p-lactamase  plasmids  has 
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been  extended  in  N.  fjonorrhoeae  from  original  observations 
to  include  other  auxotypes;  the  transfer  plasmid  has  subse¬ 
quently  become  established  in  isolates  with  the  5.1-kb  plas¬ 
mid  (2.  22.  75). 

In  1984.  a  third  p-lactamase  (4.9  kb.  designated  Toronto) 
plasmid  was  recovered  from  strains  of  N.  y;onorrhoeae 
isolated  in  two  Canadian  provinces  (79.  80).  Retrospective 
analysis  based  on  the  genetic  similarity  of  the  strains  estab¬ 
lished  epidemiological  linkages  between  them.  Strains  car¬ 
rying  the  4.9-kb  plasmid  were  prototrophic,  were  serovar 
Baejk  (lB-2).  and  carried  both  cryptic  and  transfer  plasmids 
(81).  The  Toronto  plasmid  was  derived  from  the  7.2-kb 
(Asian)  plasmid;  however,  the  2.3-kb  fragment  missing  from 
the  Toronto  plasmid  differed  from  the  2.1-kb  fragment  miss¬ 
ing  from  the  5.1-kb  p-lactamase  plasmid  (79.  80).  Isolates 
with  Toronto  plasmids  subsequently  isolated  in  Canada 
belonged  to  the  same  auxotype.  and  more  than  809f  be¬ 
longed  the  same  serovar  as  isolates  from  the  first  outbreak 
(J.  R.  Dillon,  unpublished  data). 

Two  additional  p-lactamase  plasmids  not  associated  with 
outbreaks  of  p-lactamase-producing  N.  ftonorrhoeae  infec¬ 
tion  have  been  described  (30.  74).  In  early  1984,  two  p- 
lactamase-producing  N.  f>onorrhoeae  isolates,  one  a  methi¬ 
onine  auxotroph  and  the  other  prototrophic,  were  recovered 
in  the  Netherlands  (74).  These  isolates  carried  cryptic  (4.2- 
kb)  and  transfer  (39.2-kb)  plasmids  and  identical  4.6-kb 
p-lactamase  plasmids.  Because  one  of  the  isolates  was 
epidemiologically  linked  to  Rio  de  Janeiro,  the  4.6-kb  plas¬ 
mid  was  designated  Rio.  The  restriction  endonuclease  maps 
of  the  Rio  and  the  Asian  plasmids  were  similar,  except  that 
the  small  7//ndlII-JJ('n(HI  fragment  in  the  Rio  plasmid  was 
reported  to  be  0.1  kb  smaller  than  the  equivalent  fragment  in 
the  Asian  plasmid. 

The  second  distinctive  p-lactamase  plasmid  recovered 
from  a  single  p-lactam;ise-producing  N .  ftonorriioeae  isolate 
was  a  6.6-kb  plasmid,  isolated  in  Nimes.  France,  which  has 
been  called  the  Nimes  plasmid  (32).  This  plasmid  was 
derived  from  the  5.1-kb  African  plasmid  through  a  L2-kb 
insertion  in  the  2.4-kb  Bn/nHI  fragment  (.30), 

A  comparison  of  the  five  different  p-lactamase-producing 
plasmids  characterized  in  N.  f’onorrhoeae  isolates  is  shown 
in  Fig.  1.  The  gel  depicts  Hinil  digests  of  the  five  plasmids; 
all  carried  a  l.l-kb  flintl  fragment  associated  with  Tn2 
sequences.  In  comparing  the  Rio  plasmid  pG04717  with  the 
Toronto  plasmid  pJD7,  the  0  1-kh  deletion  previously  re¬ 
ported  on  the  /Jn/nHI-///7idIII  fragment  was  not  observed 
(74).  We  therefore  concluded  that  the  Rio  and  Toronto 
plasmids  may  be  similar;  however,  only  deoxyribonucleic 
acid  (DNA)  sequencing  will  definitively  pinpoint  minor  dif¬ 
ferences.  It  thus  appears  that  Toronto  and  Rio  plasmids 
evolved  independently  in  several  countries  at  about  the  same 
time. 
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H(i  1.  Ke^l|■iction  endonuclease  analysis  ot'pJD4.  pjl)5.  pJl)7. 
p<iO-471',  and  p(iFl.  Lanes:  1.  ///ndlll-digesled  \  DNA  as  marker: 
2.  plasmid  p,ll)4  digested  with  ///.’ill;  .4,  plasmid  pJD5  digested  with 
lliiin.  4,  plasmid  pJl)7  digested  with  5,  plasmid  pG()4717 

I  Rio  i>  pe.  obtained  from  J.  D.  A,  van  Lmhden,  National  Institute  ot‘ 
l‘ublic  Health  and  Knvironmental  Hygiene,  Bilthoven,  The  Nether- 
l.indsi  digested  with  Hiii(\:  plasmid  pGFl  (Nimes  type,  obtained 
from  .\,  (iouhy  and  M.  Ramu/,  Centre  Hospitalier  Regional  et 
Cnisersiiaire  de  Nimes.  Nimes.  Krancel  digested  with  //mtl.  M.W.. 
Molecuhir  si/c. 


Site  of  Deletion  in  African  Plasmids 

I  hcrc  has  been  considerable  controversy  over  the  exact 
position  of  the  2.1-kb  frtigment  missing  in  the  .''.1-kb  African 
phismid  as  compared  with  the  7.2-kb  Asitm  plasmid.  In 
heteroduplex  studies  with  7.2-kb  (pJD4)  and  .‘'.1-kb  (pJD.‘'l 
pitismids.  Yeung  et  al.  (79.  80)  located  the  2.1-kb  fragment 
1.74  kb  counterclockwise  from  the  unit(ue  P\tl  site  through 
theA'/wl  site  (Fig.  2).  Dickgiesser  et  al.  (16.  17).  also  mapped 
the  deletion  as  1.7.s  kb  from  the  unique  Pst\  site,  except  that 
the  deletion  was  mapped  clockwise  from  this  site  and  was 
not  oriented  w  ith  respect  to  the  unique  A  \  a\  and  /'i  ;/ll  sites 
present  on  both  the  7.2-  and  .“'.l-kb  plasmids.  McNicol  et  al. 
(4.4)  mapped  the  2.1-kb  fragment  .-■1.7.4  kb  from  the  Psd  site 
and  within  approximately  2(K)  base  pairs  (bp)  of  the  Aiull 
site.  Observations  by  Aalen  et  al.  (1)  are  in  agreement  with 
the  findings  of  Yeung  et  al.  (79,  80).  who  placed  the  deleted 
fragment  at  least  9(K)  bp  from  the  AeuI  site. 

It  has  been  widely  assumed  that  difl'erent  gonococcal 
fi-lactamase  plasmids  of  similar  si/e  are  identical,  and  :i 
number  of  dilferent  plasmids  of  the  same  si/e  have  been 
studied  (1.  10.  14.  17.  4.4.  66).  A  comparison  of  interplasmid 
dilferences  has  not  been  undertaken,  nor  have  comparative 
I)N.'\  sequencing  studies  been  done  to  definitively  identify 
the  position  of  the  2.1-kb  deletion  or  other  variations. 

Minimal  Regions  Required  for  Replication  of 
|l-l.actamase  Plasmids 

I  he  7,2-kb  (pJI)4)  plasmid  of  iV.  ^onorrluicdc  has  a  broad 
host  range  and  can  he  mobilized  to  and  replicate  in  a  variety 
of  Sciweria  species  as  well  as  other  genera:  P.st  ln’r'n  hio 
(dli.  StiliiKinclld  minncsold.  Iltwnuiphilds  iilfliiciKd.  //. 


[)didinllin  ii-dc.  II.  clin  rcyi.  and  N.  incninfiitiJi.\  (10.  21.  29. 
.41.  .4.4.  70).  The  host  range  of  the  .4. 1-kb  plasmid  has  not  been 
as  extensively  studied  as  that  of  the  7.2-kb  plasmid. 

Contradictory  results  regarding  the  DNA  fragment  re¬ 
sponsible  for  the  maintenance  and  replication  of  the  7.2-kb 
plasmid  of  A,  .eouo/r/uu'ue  have  been  published  (.4,4.  46). 
McNicol  et  al.  (46)  cloned  both  the  2.4-kb  and  the  larger 
BdiuHl  fragments  of  a  7.2-ko  (p22209)  and  4. 1-kb  (p884.47) 
plasmids  of  N.  iionorrliiicdc  into  a  pBR422  derivative  and 
found  that  the  essential  replication  region  was  located  on  a 
0.8-kb  portion  of  the  2.4-kb  BdmH\  fragment  that  excluded 
the  (4-laetamase  [hUi)  gene.  Conversely.  Johnson  (.44).  who 
also  cloned  the  Bdm\\\  fragments  of  a  7.2-kb  (pGR9091) 
plasmid  into  pBR.422  or  pMB8.  reported  that  the  replication 
region  was  located  on  a  4.7-kb  BdniHX-PvdW  fragment, 
which  is  part  of  the  large  Bd/uHl  fragment  (4.8  kb).  Dele¬ 
tions  of  the  /fu/iiHI-Z/i/idlll  portion  of  this  fragment  ren¬ 
dered  the  recombinant  plasmid  unable  to  replicate  in  a  polA 
host  and  further  defined  the  region  essential  for  replication. 
This  controversy  prompted  us  to  further  investigate  the 
replication  regions  of  the  7.2-kb  (pJD4)  and  4. 1-kb  (pJD4) 
(1-lactamase  plasmids  (K.-Fl.  Yeung  and  J.  R.  Dillon.  Plas¬ 
mid,  in  press). 

I'he  2.4-kb  B(dnH\  fragment  with  the  hUi  gene  of  Tn2  was 
shown  to  play  no  role  in  the  replication  of  the  7.2-kh 
(4-lactamase  plasmid  in  an  E.  coli  host  (Yeung  and  Dillon,  in 
press).  First,  strategies  to  obtain  a  mini-(l-lactamase  plasmid 
consisting  only  of  the  self-ligated  2.4-kb  BdmHl  fragment 
were  unsuccessful.  Second,  by  cloning  a  1.2-kb  HdcU  frag¬ 
ment  from  pACYCT84  containing  the  chloramphenicol  resis¬ 
tance  determinant  into  the  Pi  t/Il  site  of  the  7.2-kb  plasmid 
pJD4  and  by  subsequently  deleting  the  2.4-kb  BdmHl  frag¬ 
ment  (which  carried  the  hid  gene),  a  replicon  comprising 
only  the  4.8-kb  BdiuHl  fragment  with  the  chloramphenicol 
gene  from  pACYC184  was  created.  Thus,  the  DNA  se¬ 
quences  adjacent  to  the  rn2  region  on  the  2.4-kb  BdmHl 
fragment  are  not  required  for  replication  of  the  7.2-kb 
plasmid  (pjD4). 

To  define  the  minimum  region  required  for  the  autono¬ 
mous  replication  of  the  7.2-kb  plasmid  pJD4.  we  constructed 
a  scries  of  deletion  derivatives  of  pJD4  (79,  Yeung  and 
Dillon,  in  press).  The  smallest  (1-lactamase  replicon  that 
could  be  generated  was  .4.4  kb  (designated  pJD9),  and 
replictition  function  was  attributed  to  a  1.4-kb  region  desig¬ 
nated  a  (Fig.  2).  which  carried  a  unique  F/i/idlll  site  and 
essentially  comprised  the  region  encompassed  by  the  2.1-kb 
fragment  deleted  in  the  4. 1-kb  plasmid. 

The  7.2-kb  (1-laclamase  plasmid  of  N.  fionotrhocdc  can 
replicate  and  maintain  itself  in  a  polA  E.  coli  host  (44.  46). 
The  DNA  sequence  of  part  of  replication  region  a  (Fig.  2) 
indicated  that  it  was  structurally  similar  to  other  character¬ 
ized  replication  regions  for  the  following  reasons,  (i)  Two 
consensus  ilnaA  boxes  (.4'-TTACACACA-4',  4'-TTACA 
CACjA-4')  were  identified,  indicating  that  the  a  region  may 
require  the  DnaA  protein  (which  induces  topological  fea¬ 
tures  in  the  DNA  structure  and  directs  the  entry  of  other 
proteins  involved  in  the  replication  complex)  for  replication 
t6.4,  81).  (ii)  I  he  integration  host  factor  of  E.  coli  recognizes 
the  consensus  sequence  C7TAAnnnn'FrGATA/r  and  has 
recently  been  shown  to  he  required  for  the  replication  of 
phismid  p.SCTOl  (28).  A  similar  sequence  (4'-C.AATATCG  r 
GATA-4')  was  identified  in  replication  region  a  of  pJD9.  The 
role  of  the  integration  host  factor  in  the  replication  of  pJD9 
is  under  study,  (iii)  I'he  7.42-hp  sequence  of  the  "a"  region 
was  A‘T  rich  (6447),  a  chiiracteristic  of  all  replication 
regions.  J  hese  r'l'-rich  sequences  facilitate  strand  separa- 
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determined  from  region  a  of  pJD9;  M,  region  required  for  the  mobilization  of  pJD4;  a.  replication  region  a;  b.  replication  region  b. 
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tion  during  replication  (81).  (iv)  The  presence  of  seven  sets 
of  multiple  repeats,  all  A+T  rich,  suggested  that  this  region 
had  structural  characteristics  similar  to  those  of  plasmids 
such  as  pSClOl.  Replicon-specific  proteins  interact  with 
repeating  sequences  and  thus  regulate  replication  (81). 

Because  this  replication  region  (a)  spanned  the  deleted 
portion  of  the  5.2-kb  p-lactamase  plasmid  as  compared  with 
the  7.2-kb  plasmid,  we  hypothesized  that  the  5.2-kb  plasmid 
(pJD5)  had  a  different  replication  region  (Yeung  and  Dillon, 
in  press).  Digestion  of  the  5.2-kb  plasmid  with  BaniHI 
produced  two  fragments,  of  2.7  and  2.4  kb  in  size.  As  with 
the  7.2-kb  plasmid,  attempts  to  obtain  a  miniplasmid  com¬ 
prising  only  the  2.4-kb  BamHI  fragment  were  unsuccessful. 
However,  the  size  of  pJD5  (Fig.  2)  was  reduced  by  deleting 
the  Hinfl  fragment  proximal  to  the  hla  gene  to  produce  pJD6 
(3.9  kb).  This  plasmid  could  not  be  further  reduced  in  size. 
Because  the  2.4-kb  BamHI  fragment  alone  is  not  a  replicon, 
the  essential  region  for  replication  on  the  5.1-kb  plasmid  was 
tentatively  assigned  to  a  1.5-kb  Hinfl-BamHl  fragment  des¬ 
ignated  replication  region  b  (Fig.  2). 

Although  there  is  clear  evidence  that  the  2.4-kb  BamHI 
fragment  is  not  required  for  the  replication  of  the  7.2-kb 
P-lactamase  plasmid,  this  conclusion  regarding  the  5.1-kb 
plasmid  cannot  be  categorically  made.  The  1.2-kb  Hael\ 
fragment  of  pACYC184  containing  the  chloramphenicol  re¬ 
sistance  gene  was  cloned  into  the  Fi  uII  site  of  pJD5  (Fig.  2). 
The  2.4-kb  BamHI  fragment  was  then  deleted  from  this 
plasmid,  and  ampicillin-susceptible  transformants  were  ob¬ 
tained;  however,  the  clones  were  unstable,  and  plasmids 
with  the  expected  size  (3.9  kb)  could  not  be  isolated  (Yeung 
and  Dillon,  in  press).  Such  a  construct  was  stabilized  when 
the  pACYC184  origin  of  replication  was  also  simultaneously 
cloned  with  the  chloramphenicol  resistance  gene.  We  there¬ 
fore  concluded  that  the  2.4-kb  BamHI  fragment  contributed 
to  the  stability  of  pJD5.  Lately,  it  has  come  to  our  attention 
that  a  replication  region  designated  orU  (1.5  kb)  was  cloned 
from  a  7,2-kb  plasmid  (pFA3)  and  that  this  region  spanned 
the  Xhal-BamHl  sites  and  contained  part  of  region  b  (K. 
Gilbride  and  J.  Brunton.  personal  communication).  The 


relationship  between  region  b  and  aril  remains  to  be  estab¬ 
lished. 

Since  replication  and  maintenance  properties  of  plasmids 
are  associated  with  incompatibility  Inunctions  (73).  the  in¬ 
compatibility  relationships  between  pJD4  and  pJD5  and 
various  in  vitro-derived  deletion  derivatives  were  studied 
(Yeung  and  Dillon,  in  press).  These  studies  showed  that  the 
replication  regions  a  and  b  were  different  and  therefore 
compatible  with  one  another  and  incompatible  with  repli- 
cons  having  the  same  replication  region. 

The  essential  replication  region  on  the  5.1-kb  p-lactamase 
plasmid  is  also  present  on  the  7.2-kb  p-lactamase  plasmid.  In 
the  7.2-kb  plasmid,  region  b  was  interrupted  by  the  apparent 
insertion  of  region  a.  The  contribution  of  region  a  when  both 
regions  are  present  is  unknown,  but  the  insertion  of  region  a 
may  render  the  b  replicon  nonfunctional. 

Plasmids  that  contain  more  than  one  origin  of  replication 
are  usually  large,  conjugative  plasmids  (58).  The  7.2-kb 
P-lactamase  plasmid  is  therefore  the  first  naturally  occur¬ 
ring,  small,  nonconjugative  plasmid  shown  to  contain  more 
than  one  replication  region. 

Mobilization  of  P-Lactamase  Plasmids 

In  addition  to  the  39.2-kb  transfer  plasmid  from  N.  gon- 
orrhoeae  and  the  transfer  plasmids  from  H.  ducreyi,  the 
7.2-kb  plasmid  can  be  mobilized  by  the  broad-host-range 
IncP  plasmids  from  E.  coli  to  different  bacterial  species,  as 
well  as  from  E.  coli  into  N.  ^ononli  \  (31,  45,  52).  We 

have  established  that  in  addition  to  the  IncP  plasmid  RP4. 
three  other  conjugative  plasmids.  R124  (IncFIV),  RlOO 
(IncFlI),  and  pBG791  (Incla),  mobilized  the  7.2-kb  p-lacta- 
mase  producing  plasmid  between  E.  coli  recipient  strains 
(K.-H.  Yeung  and  J.  R.  Dillon,  unpublished  data).  These 
results  contrast  with  those  of  other  reports,  in  which  IncIa 
(R64drdll)  and  IncFIl  (RlOOdrdl)  plasmids  did  not  mobilize 
the  7.2-kb  plasmid  (31). 

Studies  to  locate  the  mobilization  region  of  the  7.2-kb 
p-lactamase  plasmids  have  been  characterized  by  significant 
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variations  in  e.xperimental  design.  Tenover  et  al.  (72)  found 
that  a  chimeric  plasmid  comprising  the  7.2-kb  plasmid  (with 
a  deleted  1.9-kh  Hinil  fragment)  and  sequences  from  the 
transfer  and  cryptic  plasmids  could  not  be  mobilized  to  E. 
loli  or  jV.  fiononhoeiie  and  was  deficient  in  the  production  of 
a  16-kDa  protein.  By  contrast,  in  studies  based  on  formation 
of  relaxation  complexes.  McNicol  et  al.  (45)  placed  oriT  on 
1.7-kb  BuwHI-WiVidlll  fragments  of  the  7.2-  arid  5.1-kb 
plasmids  p2209  and  p88557. 

Further  experiments  to  identify  the  region  required  for  the 
mobilization  of  pJD4  were  completed  by  cloning  BaniHl  or 
B«//iHI-//i>idin  fragments  (3.1,  2.4.  and  1.7  kb)  of  pJD4 
(Fig.  2)  into  pACYC184  (K.-H.  Yeung  and  J.  R.  Dillon, 
unpublished  data).  Mating  experiments  were  performed  to 
detect  which  of  the  recombinant  plasmids  could  be  mobi¬ 
lized  by  pBG791  (an  Incla  plasmid)  (5)  at  a  frequency 
characteristic  of  pJD4  (10  ■'):  the  mobilization  frequency  of 
pACYC184  was  10  ''  to  10'**.  Only  the  recombinant  plasmid 
containing  the  2.4-kb  BamHl  fragment  of  pJD4  was  mobi¬ 
lized  by  pBG791  at  a  frequency  (10  ■*)  similar  to  that  of 
pJD4.  Therefore,  the  2.4-kb  BamHl  fragment  of  pJD4  car¬ 
ried  functions  required  for  the  mobilization  of  this  plasmid 
by  pBG791.  Because  this  fragment  contained  a  1.4-kb  por¬ 
tion  of  Tn2,  it  was  concluded  that  the  region  required  for  the 
mobilization  of  pJD4  was  located  within  the  remaining  1-kb 
fragment,  which  was  designated  region  M  (Fig.  2). 

The  DNA  sequence  spanning  the  M  region  has  recently 
been  published  (61).  We  analyzed  this  sequence  for  possible 
similarities  to  sequences  characteristic  of  mobilization  re¬ 
gions  on  other  plasmids.  The  M  region  contained  two 
sequences,  5'-ACCCAGT-3'  and  5'-TGGCTTA-3'.  which 
were  found  within  the  origin  of  transfer  (oriT)  region  of 
ColEl  (15.  78):  the  later  sequence  has  been  recognized  as  the 
/lie  site  for  ColEl.  The  M  region  also  carried  the  recognition 
sequence  5'-AAGCGG-3'  for  the  n'  protein,  which  is  part  of 
the  primosome  complex  found  in  the  oriT  regions  of  F  and 
ColEl  (78).  These  sequence  similarities  provide  some  evi¬ 
dence  that  the  mechanism  of  mobilization  of  pJD4  may  be 
similar  to  that  of  ColEl,  a  conclusion  also  drawn  by  Guiney 
and  Ito  (31)  on  the  basis  of  the  formation  of  protein-DNA 
relaxation  complexes. 

It  has  recently  been  reported  that  the  integration  host 
factor  was  required  for  the  transfer  of  RlOO  (44).  The 
integration  host  factor  recognizes  the  consensus  sequence 
5’-C/TAANNNNTTGATA/T-3'  (28,  40,  44).  Four  such  con¬ 
sensus  sequences,  5'-AAACACGTTGATT-3',  5'-TAATA 
CCTAGATT-3',  5'-AAATTTTTTGATT-3’,  and  5'-AAAA 
TT'nTGATT-3’,  with  only  one  mismatch,  were  found  in  the 
M  region.  In  addition,  the  M  region  also  contained  a  pair  of 
inverted  repeats,  5’-AGCAATCTCTAG-3'  and  5'-CTCOT 
GATTGCT-3'.  similar  to  inverted  repeat  sequences  (5'- 
AGCAATCGGC-3'  and  5 -CTGAGATTGCT-3')  which  were 
found  in  the  on'T  region  of  RlOO  (44). 

Other  evidence  suggests  that  the  7.2-kb  plasmid  may  have 
two  origins  of  transfer.  This  conclusion  is  based  on  the 
observations  that  the  Incla  plasmid  pBG791  could  mobilize 
deletion  variants  (e.g..  pJD9  [Fig.  2])  of  the  7.2-kb  plasmid 
lacking  region  M.  The  second  mobilization  region  most 
probably  occurred  within  region  a.  a  region  which  also 
contained  a  replication  region.  The  second  mobilization 
region  may  not  have  been  detected  in  the  cloning  experi¬ 
ments  because  the  plasmid-specific  mobilization  protein  was 
truncated  or  deleted.  This  finding  supports  a  previous  obser¬ 
vation  that  oriT  was  located  on  the  1.7-kb  BamHl-HindlW 
fragment  of  the  7.2-kb  plasmid  (45).  The  possibility  that  the 

7.2-kb  plasmid  has  two  origins  of  transfer  is  also  indirectly 


supported  by  the  observations  of  Ikeda  et  al.  (33),  who  found 
that  3  of  20  clinical  isolates  of  A.  gonorrhoeae  containing 
both  the  39.2-  and  7.2-kb  plasmids  were  able  to  transfer  the 

7.2-kb  plasmid  to  N.  meninf;itidis.  In  the  same  study, 
gonococcal  isolates  which  were  unable  to  mobilize  the 

7.2-kb  plasmid  into  N.  meninf>itidis  were  able  to  mobilize  the 

7.2- kb  plasmid  into  E.  coli.  These  observations  can  be 
explained  only  if  there  are  two  mechanisms  by  which  gono¬ 
coccal  conjugative  plasmids  mobilized  the  7.2-kb  3-lacta¬ 
mase  plasmid  of  N.  gonorrhoeae\  one  of  the  mechanisms 
was  nonfunctional  in  instances  in  which  the  7.2-kb  plasmid 
was  not  mobilized  into  N.  meninffitidis. 

Origin  of  Gonococcal  3-Lactamase  Plasmids 

Gonococcal  p-lactamase  plasmids  were  homologous  to  a 
variety  of  plasmids  isolated  from  H.  influenzae,  H.  parain- 
fluenzae.  and  H.  ducreyi  (Fig.  2)  (8,  14).  The  7.0-  and 
5.7-MDa  p-lactamase  plasmids  from  H.  ducreyi  were  iden¬ 
tical  to  the  7.2-  and  5.2-kb  gonococcal  plasmids,  except  that 
the  H.  ducreyi  plasmids  carried  a  complete  Tn2  sequence 
and  an  approximately  273-bp  segment  adjacent  to  the  left 
inverted  repeat  of  Tn2  (8.  14).  N.  gonorrhoeae  7.2-  and 

5.2- kb  plasmids  lacked  a  Tn2  segment  of  3,298  bp  comprising 
the  left  inverted  repeat  and  its  proximal  sequences  (14).  The 

7.2-  and  5.1-kb  plasmids  from  N.  gonorrhoeae  have  a  G-i-C 
content  characteristic  of  Haemophilus  chromosomal  DNA 
(40%),  not  Neisseria  chromosomal  DNA,  further  supporting 
their  non-Neisseria  origins  (55). 

A  2.5-MDa  plasmid  from  H.  parainfluenzae.  which  did  not 
carry  Tn2  sequences,  was  shown  to  be  homologous  to  both 
H.  ducreyi  and  N.  gonorrhoeae  p-lactamase  plasmids  (9). 
Chen  and  Clowes  ( 14)  found  that  the  nucleotide  sequences  of 
p-lactamase  plasmids  from  H.  ducreyi  (8.6  and  10.5  kb)  and 
N.  gonorrhoeae  (5.1  and  7.2  kb)  were  consistent  with  a 
model  which  predicted  the  transposition  of  the  Tn2  transpo- 
son  at  the  target  site  5'-TATCT-3'.  possibly  on  an  indigenous 
plasmid  of  H.  parainfluenzae  (Fig.  3).  At  some  early  stage, 
cytosine  was  replaced  by  thymidine  (Fig.  3)  at  3,773  bp  from 
the  left  inverted  repeat  terminus  of  Tn2  (l4).  bivergence  in 
the  evolution  of  this  hypothetical  plashnid  then  occurred; 
because  a  2. 1-kb  fragment  (which  we  have  shown  to  contain 
replication  region  a)  was  inserted,  resulting  in  the  formation 
of  another  distinctive  plasmid.  These  two  hypothetical  Hae¬ 
mophilus  plasmids  probably  evolved  independently;  analysis 
of  two  such  plasmids  from  H.  ducreyi  indicated  that  each 
underwent  unique  point  mutations  (C  to  T  on  pJBl,  and  G  to 
A  on  pHD131)  (14).  These  mutations  do  not  appear  on  the 
gonococcal  p-lactamase  plasmids,  thereby  implying  a  sepa¬ 
rate  evolutionary  pathway.  Although  one  report  noted  the 
transfer  of  a  7.2-kb  plasmid  from  H.  parainfluenzae  to  N. 
gonorrhoeae,  others  have  been  unable  to  conjugally  transfer 
plasmids  from  Haemophilus  spp.  to  N.  gonorrhoeae  (8,  70). 
Sox  et  al.  (66)  have  observed  that  the  7.2-kb  plasmid 
underwent  deletions  when  transformed  into  homogenic 
gonococci.  Some  transformants  were  identical  to  the  5.1-kb 
plasmid.  Therefore,  it  seems  likely  that  gonococcal  plasmids 
arose  through  the  transformation  of  plasmid  DNA  from 
Haemophilus  spp.  following  the  deletion  of  the  left-hand  end 
of  Tn2.  N.  gonorrhoeae  itself  then  acted  as  a  reservoir  for 
p-lactamase  plasmids,  transferring  them  to  other  N.  gonor¬ 
rhoeae  and  to  Haemophilus  spp.  (21.  27,  29). 

CHROMOSOMAL  RESISTANCE 

In  retrospective  studies  of  N.  gonorrhoeae  strains  isolated 
in  the  prepenicillin  era  (i.e.,  before  1944).  many  isolates  were 


VoL.  2.  1989 


3-LACTAMASE  PLASMIDS  AND  ANTIBIOTIC  RESISTANCE 


S129 


HI  •  HtnII 

FIG.  .2.  Evolution  of  the  3-lactamase-producjng  plasmids  in  N.  gonorrhoeae . 


found  to  be  susceptible  to  <0.05  mg  of  benzylpenicillin  per 
liter,  <0.5  mg  of  tetracycline  per  liter,  and  <0.2  mg  of 
spectinomycin  per  liter.  Other  isolates  were  highly  (at  least 
10-fold  more)  susceptible  (12).  Since  that  time,  gonococci 
with  reduced  susceptibility  to  antimicrobial  agents  as  a  result 
of  chromosomal  mutations  have  increased  significantly 
worldwide  (11,  20,  34,  76).  Decreased  antimicrobial  suscep¬ 
tibilities  have  contributed  to  increased  frequencies  of  treat¬ 
ment  failure  and  have  necessitated  repeated  revisions  of 


treatment  regimens  based  on  specific  antimicrobial  suscep¬ 
tibility  data  for  a  given  area  (13,  68). 

Recently,  N.  gonorrhoeae  isolates  resistant  to  penicillin 
and  tetracycline  (where  resistance  is  defined  as  a  minimal 
inhibitory  concentration  [MIC|  of  >1.0  p.g/ml  for  surveil¬ 
lance  purposes)  have  been  isolated  with  increasing  fre¬ 
quency  from  certain  geographic  areas  and  have  contributed 
to  significant  treatment  failure  (53).  Chromosomally  medi¬ 
ated  resistance  to  a  diverse  array  of  antimicrobial  agents  has 
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TABLE  1.  Mutations  contributing  to  alterations  in  antimicrobial  susceptibility  in  N.  fionorrhoeai- 


Genotype 

Phenotype 

Biochemical  basis 

References 

penA 

Four-  to  eightfold  increase  in  resistance  to 
(3-lactam  antibiotics 

Lowered  affinity  for  penicillin  of  penicillin¬ 
binding  protein  2  (PBP2);  shift  to  PBPl 
target;  decrease  in  o-acetylation  of  pepti- 
doglycan 

11.  23,  68.  69 

mtr 

Low-level  resistance  to  several  unrelated 
antimicrobial  agents;  resistance  to  dyes, 
detergents,  fatty  acids 

Altered  cell  envelope  with  decreased  pter- 
meabilily;  increased  amounts  of  52-kDa 
outer  membrane  protein 

42.  68.  69 

penB.  Win 

Low-level  (fourfold  over  base  MIC)  resis¬ 
tance  to  penicillin  and  tetracycline  if  mtr 
present 

PBPs  with  reduced  affinity  for  penicillin 

2.3.  24.  68.  69.  77 

pern 

Enhanced  resistance  to  penicillin  expressed 
by  penA  and  mtr 

77 

iiinpA.  umpB 

Low-level  (fourfold)  resistance  to  ampicillin 

36 

unipC.  iiinpD 

In  combination  with  umpA  and  ampB,  four¬ 
fold  increase  in  MIC  of  ampicillin 

36 

mom 

Modifier  of  mtr-.  phenotypic  suppression  of 
mtr 

64 

ery 

env  (env-1,  env- 
2.  env-IO) 

Low-level  resistance  to  erythromycin 

Increased  susceptibility  to  antibiotics,  fusidic 
acid.  Triton  X-100.  crystal  violet;  pheno¬ 
typic  suppression  of  mtr  and  penB 

Increased  phospholipid-to-protein  ratio  in 
outer  membranes 

42 

41.  62.  63,  68,  69 

fns.  let.  chi 

Fourfold  increase  in  resistance  to  tetracy¬ 
cline.  chloramphenicol,  or  fusidic  acid 

(Ribosomal  protein  alterations  for  let,  ehl'l) 

11.  68.  69 

rif 

Low-level  (fourfold)  resistance  to  rifampin 

Structural  gene  for  B  subunit  of  ribonucleic 
acid  polymerase 

11.  68,  69 

spc,  .sir 

High-level  (1  mg/ml)  resistance  to  either 
spectinomycin  or  streptomycin 

Structural  genes  for  30S  ribosomal  proteins 
altered 

11.  42.  67 

vnc 

Hypersusceptibility  to  vancomycin 

39 

vel 

Hypersusceptibility  to  vancomycin  and 
erythromycin 

39 

been  described:  resistance  to  high  levels  of  spectinomycin 
and  sulfonamides,  as  well  as  resistance  or  reduced  suscep¬ 
tibility  to  p-lactam  antibiotics,  tetracycline,  and  erythromy¬ 
cin  (11,  65,  68,  70).  The  prevalence  of  gonococcal  isolates 
with  specific  resistances  has  been  associated  with  a  number 
of  other  factors  including  serovar  and  auxotype  of  the 
isolate;  race,  sexual  preference,  and  gender  of  the  host; 
isolation  site;  geographic  origin;  season;  and  local  antibiotic 
use  (13,  18,  19,  34).  Chromosomal  resistance  to  one  antibi¬ 
otic  often  reduced  the  efficacy  of  other  unrelated  antimicro¬ 
bial  agents  by  virtue  of  cross-resistance  to  them  (34,  46,  68). 

A  number  of  studies  and  reviews  have  elucidated  some  of 
the  genetic  loci  responsible  for  altered  susceptibility  to  a 
variety  of  antimicrobial  agents  (11,  24,  68,  70).  These  are 
briefly  summarized  in  Table  1.  Some  of  these  mutations  act 
in  concert  to  produce  stepwise  increases  in  resistance  which 
are  additive.  For  example,  increasing  resistance  to  penicillin 
can  be  achieved  by  the  cooperative  interaction  of  the  penA, 
penB,  mtr  (multiple  transformable  resistance),  and  tem 
genes  (68).  A  stepwise  increase  in  resistance  to  ampicillin 
was  observed  through  the  combined  effects  of  four  amp 
alleles,  ampA,  ampB,  ampC  and  ampD,  none  of  which 
conferred  resistance  independently  (36).  Similarly,  a  combi¬ 


nation  of  let,  penB.  and  mtr  genes  produces  a  16-fold 
increase  in  tetracycline  MlCs  (68).  A  number  of  loci  (e.g., 
env,  mom,  and  vel)  act  to  suppress  mutations  in  mtr  or 
increase  susceptibility  to  antimicrobial  agents  such  as  van¬ 
comycin  or  erythromycin  (env,  vnc,  and  vet)  (39.  62).  Other 
linked  genes  (spc,  str,  chi,  fits,  and  n/[Table  1])  include  loci 
for  resistance  to  antibiotics  which  affect  ribosomal  proteins 
(11,  68,  70).  Mutations  leading  to  the  development  of  resis¬ 
tance  to  sulfonamides  have  also  been  documented.  Muta¬ 
tions  in  the  methionine-biosynthetic  pathway  enhance  resis¬ 
tance  to  sulfonamides,  and  mutations  in  the  gene  encoding 
dihydropteroic  acid  synthetase  reduce  its  affinity  for  sulfon¬ 
amides  (12,  32). 

RESISTANCE  TO  ANTIMICROBIAL  AGENTS  IN  N, 
MENINGITIDIS 

The  recommended  treatment  for  invasive  meningococce- 
mia  is  penicillin  G;  chloramphenicol  is  recommended  for 
patients  sensitive  to  penicillin.  Meningococci,  until  recently, 
have  generally  been  found  to  be  susceptible  to  the  antimi¬ 
crobial  agents  used  for  primary  treatment.  In  1983,  the  first 
P-lactamase-producing  isolate  of  N.  meningitidis  was  re- 
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ported  (21).  It  was  isolated  from  the  genitourinary  tract  and 
carried  a  7.2-kb  plasmid  identical  to  that  found  in  isolates  of 
.V.  ^onorrhoeac  (21).  In  1987.  two  (3-lactamase-producing 
isolates  of  ,V.  mcnin,i;iiidis  were  cultured  from  the  cerebro¬ 
spinal  fluid  of  two  patients  with  meningitis  (6).  (3-Lactamase 
plasmids  can  be  transferred  in  vitro  from  N.  i;<)iiorrli<>cuf  to 
.V.  (35).  These  recent  results  suggest  that  the 

recover)  of  meningococci  with  plasmid-mediated  resistance 
to  penicillin  may  cease  to  be  a  rare  event. 

In  addition  to  plasmid-mediated  resistance  to  penicillin, 
several  reports  have  recently  documented  the  appearance  of 
low-level  resistance  to  penicillin  (MIC  >0.1  (xg/ml)  in 
meningococci  (6.  47.  60.  71).  These  isolates  were  found  to 
have  a  penicillin-binding  protein  3  with  a  decreased  affinity 
for  penicillin  (47). 

Meningococcal  resistance  to  sulfonamides  (variously  de¬ 
fined  as  MlCs  >  10  to  100  g.g/ml),  antimicrobial  agents  used 
for  both  prophyla.xis  and,  in  some  areas,  treatment,  has  been 
well  documented  (4.  50).  There  is  evidence  that  resistance  to 
sulfonamides  has  not  increased  recently  and  may  have 
decreased  in  incidence  in  certain  areas  (4). 

Recently,  urethral  and  pharyngeal  isolates  of  N.  mcnin- 
i;itlJis.  associated  w'ith  asymptomatic  carriage  and  express¬ 
ing  high-level  tetracycline  resistance,  have  been  isolated. 
Plasmid  analysis  and  DNA  probe  tests  indicated  that  these 
strains  carried  a  25.2-MDa  plasmid  carrying  the  tciM  resis¬ 
tance  determinant.  In  vitro  studies  have  also  demonstrated 
that  the  25.2-MDa  plasmids  in  /V.  ^I’oiiorrlidcac.  Kinf;ella 
Llcniirificans.  and  EikcnelUi  corrodvns  could  transfer  the 
plasmid  to  S.  meninf<itidis  serogroups  A.  B.  C.  E.  29E.  X. 
Z.  and  W135.  as  well  as  other  commensal  Neisseria  species 
(57). 

It  appears  that  pharyngeal  and  urethral  microorganisms, 
including  commensal  Neisseria  species,  could  serve  as  a 
reservoir  for  the  transmission  of  the  25,2-MDa  plasmid,  the 
tetM  determinant  alone,  or  other  plasmids,  such  as  the 
P-lactamase  plasmids,  to  pathogenic  species  such  as  N. 
meningitidis  (37.  38.  57.  59).  Interestingly,  in  a  1979  Cana¬ 
dian  survey  of  the  susceptibility  of  827  N.  meningitidis 
isolates  to  penicillin  (J.  R.  Dillon  and  F.  A.  Ashton,  unpub¬ 
lished  data),  29  of  the  isolates  exhibited  reduced  susceptibil¬ 
ity  to  penicillin  (MlCs,  0.25  to  0.5  p.g/ml).  Only  14  of  the  29 
isolates  were  documented  as  to  isolation  site,  and  all  14  were 
pharyngeal  in  origin. 
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\ei.sseria  ineninyitidi.s  is  the  second  leading  cause  of 
bacterial  meningitis  in  the  United  States  and  is  the  leading 
cause  in  many  other  countries.  In  the  United  States  there  are 
.3,(KK)  to  4,000  cases  of  bacterial  meningitis  per  year,  for  an 
incidence  of  about  1/100,000;  A',  meniiiftitidis  is  responsible 
for  a  number  of  outbreaks  each  year.  Control  of  these 
outbreaks  and  the  severe  epidemics  that  have  occurred  in 
m;tny  countries  required  the  development  of  vaccines  to 
prevent  meningococcal  meningitis, 

.V,  ineninyitidi.s  is  divided  into  12  serogroups  based  on  the 
immunological  specificity  of  their  capsular  polysaccharides 
(PSs):  A,  B,  C.  H,  I,  K.  L,  X,  Y,  Z,  29E,  and  W135  (35), 
Approximately  9091  of  meningococcal  disease  worldwide  is 
caused  by  serogroups  A,  B,  and  C,  Group  A  is  now  rare  in 
the  United  States,  but  it  is  the  major  meningococcal  patho¬ 
gen  in  the  "meningitis  belt"  of  Africa  and  a  number  of  Asian 
countries.  In  the  United  States,  groups  B  and  C  are  currently 
responsible  for  about  50  and  35'lf  of  meningococcal  disease, 
respectively,  with  groups  Y  and  W135  accounting  for  the 
remainder. 

For  epidemiological  purposes,  meningococcal  strains  are 
now  identified  by  their  serogroup,  serotype,  and  subtype, 
e,g,,  B:15:P1,16,  The  disease-associated  serogroups  have 
been  subdivided  into  over  20  different  serotypes  (12)  based 
upon  immunological  differences  in  the  class  2  and  class  3 
major  outer  membrane  proteins  (OMPs),  These  proteins  are 
the  meningococcal  porins,  having  molecular  weights,  as 
estimated  on  sodium  dodecyl  sulfate-polyacrylamide  gels,  of 
between  34,()(K)  and  40,0(K),  The  strains  are  further  subtyped 
by  the  immunological  specificity  of  the  approximately  46- 
kilodalton  class  1  OMPs,  Class  1  proteins  are  shared  by  a 
number  of  different  serotypes,  and  approximately  10  class  1 
subtypes  have  been  identified  to  date.  As  will  be  shown 
below,  both  class  1  and  class  2  proteins  have  importance  as 
potential  vaccine  candidates. 

Protection  against  meningococcal  disease  has  been  corre¬ 
lated  with  the  presence  of  bactericidal  antibodies  (8),  The 
peak  incidence  of  disease  occurs  in  children  under  1  year  of 
age;  as  a  group,  they  have  few  or  no  bactericidal  antibodies. 
In  addition,  the  high  susceptibility  of  individuals  with  an 
inherited  deficiency  of  one  of  the  terminal  complement 
components  (C5,  C6,  C7,  or  C8)  for  invasive  meningococcal 
disease  strongly  implicates  the  importance  of  bactericidal 
activity  in  host  defense  against  these  organisms  (30),  For 
these  reasons,  measurement  of  the  bactericidal  activity  in 
serum  provides  an  accurate  indication  of  the  resistance  of  an 
individual  to  meningococcal  disease. 

The  development  and  clinical  evaluation  of  meningococcal 
PS  vaccines  have  been  reviewed  previously  (8,  13,  31),  as 
have  the  initial  studies  of  the  use  of  protein  vaccines  for 
group  B  disease  (8).  The  present  review  will  therefore 
concentrate  on  recent  studies,  recommendations  for  use  of 
the  PS  vaccines,  and  the  current  status  of  a  group  B  vaccine, 

PS  VACCINES 

Immuni/ation  against  A’,  meningitidis  became  a  reality 
with  the  accomplishments  of  Gotschlich  et  al,  in  the  late 


196()s  (14),  The  capsular  PS  vaccines  developed  by  Got¬ 
schlich  et  al,  were  among  the  first  chemically  pure  bacterial 
vaccines.  The  group  C  vaccine  was  used  to  prevent  the 
severe  outbreaks  of  group  C  meningococcal  disease  in  the 
U.S.  armed  forces. 

The  molecular  weight  of  the  PS  has  been  correlated  with 
its  immunogenicity  (15).  In  early  attempts  in  the  1940s  to 
prepare  purified  group  A  meningococcal  PS  vaccines,  the  PS 
was  found  to  be  almost  nonimmunogenic  (20).  Later  studies 
by  Gotschlich  et  al.  (15)  showed  that  the  early  failures  were 
due  to  degradation  of  the  PS.  Hence,  the  PSs  must  be  of  high 
molecular  weight  as  measured  by  gel  filtration  on  Sepharose 
4B  or  2B  to  be  included  in  the  vaccine. 

Group  A  PS 

Efficacy  of  the  group  A  vaccine  was  shown  through  a 
series  of  field  trails  in  Africa  and  Finland  in  the  early  1970s 
(26.  38).  These  trials  indicated  that  the  PS  was  approxi¬ 
mately  909f  effective  in  controlling  epidemic  group  A  dis¬ 
ease.  Protection  in  the  Finnish  trial  began  at  6  months  of  age 
(26).  The  duration  of  protection  in  the  epidemic  and  hyper¬ 
endemic  areas  of  Africa  was  short  in  young  children  (28). 
Reingold  et  al.  studied  the  duration  of  protection  in  young 
people,  ranging  from  6-month-o)d  children  to  university-age 
students,  against  clinical  group  A  meningococcal  disease  in 
Burkina  Faso.  Upper  Volta  (28).  The  individuals  were  vac¬ 
cinated  with  an  A/C  bivalent  vaccine.  By  using  case-control 
studies,  the  efficacy  was  found  to  be  100,  74.  and  67%  for  1, 
2,  and  3  years  after  vaccination  in  individuals  over  4  years  of 
age  at  immunization,  compared  with  85,  52,  and  8%,  respec¬ 
tively.  for  those  under  4  years  of  age.  The  rapid  fall  in 
protection  in  the  younger  children  is  probably  related  to  the 
poorer  response  of  young  children  and  to  the  observation 
that  malaria,  endemic  in  western  Africa,  interferes  both  with 
the  immune  response  to  the  PSs  and  with  the  persistence  of 
antibodies  (39). 

The  decline  in  protection  has  been  correlated  with  a 
decline  in  group  A  PS  antibodies.  Kayhty  et  al.  (21)  found 
that  the  antibody  levels  in  children  who  were  vaccinated  at 
less  than  4  years  of  age  were  not  different  from  those  in 
unvaccinated  controls  3  years  postimmunization. 

Group  C  PS 

The  group  C  PS  was  first  shown  to  be  efficacious  in  U.S. 
military  recruits  (1.  31),  in  whom  it  virtually  eliminated 
group  C  meningococcal  disease.  The  group  C  PS  was  later 
found  to  be  effective  in  preventing  disease  in  children  over  2 
years  of  age  in  an  efficacy  trial  in  Brazil  (31).  The  duration  of 
protection  was  not  examined  in  the  Brazilian  trial. 

The  group  C  PS  is  a  homopolymer  of  sialic  acid-linked 
a2-9  and  is  found  in  two  variant  forms.  Approximately  15% 
of  group  C  clinical  isolates  elaborate  an  O-acetyl-negative 
PS.  and  the  remainder  elaborate  an  O-acetyl-positive 
polysaccharide.  Studies  were  conducted  in  children  and 
infants  to  compare  the  immunogenicity  of  the  two  variant 
PSs  (27).  Each  of  the  PSs  stimulated  equivalent  responses. 
The  current  PS  vaccine  contains  the  O-acetyl-positive  PS. 
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Recent  studies  have  been  conducted  to  examine  the  anti¬ 
body  response  of  young  children  and  infants  to  the 
ACYW135  tetravalent  vaccine  (22.  27).  Lepow  et  al.  (22) 
found  that  a  greater  percentage  of  children  between  2  and  5 
years  of  age  responded  to  the  Y  and  W135  PSs  than 
responded  to  the  A  and  C  PSs.  An  80%  or  better  response 
was  found  to  all  four  PSs  in  children  aged  9  years  or  older.  A 
problem  with  the  PS  vaccine  in  children  aged  8  years  and 
under  was  the  rapid  fall  in  antibody  levels.  70  to  80%  1  year 
after  vaccination. 

Peltola  et  al.  (27)  examined  the  immune  response  of 
infants  aged  6  to  24  months  to  the  tetravalent  vaccine  given 
at  30  p.g  per  PS.  Children  under  1  year  of  age  at  immuniza¬ 
tion  received  a  second  injection  3  months  later.  Over  90%  of 
the  children  responded  with  bactericidal  antibodies  to  group 
A.  The  response  to  the  other  PSs  was  more  age  dependent, 
with  80  to  100%  of  the  18-  to  23-month-old  children  and  40  to 
50%  of  the  younger  children  responding  to  the  PSs.  Children 
under  1  year  of  age  had  a  rapid  decline  in  bactericidal 
antibodies,  and  1  year  later,  levels  were  not  different  from 
those  in  nonvaccinated  children  of  the  same  age.  Peltola  et 
al.  recommended  that  children  under  1  year  receive  two 
injections  3  months  apart.  They  thought  that  routine  immu¬ 
nization  would  be  justified  if  an  effective  group  B  vaccine 
component  could  be  added. 

Recommendations 

The  Immunization  Practices  Advisory  Committee  of  the 
U.S.  Public  Health  Service  has  made  recommendations  for 
the  use  of  the  meningococcal  PS  vaccines  (5).  The  A,  C,  AC, 
and  ACYW135  PS  formulations  are  currently  licensed  in  the 
United  States,  and  recommended  immunization  is  a  single 
0.5-ml  intramuscular  injection  of  vaccine  containing  50  (cg  of 
each  PS.  The  vaccine  is  presently  available  in  the  United 
States  from  Connaught  Laboratories  and  in  Europe  from 
Smith  Kline-RIT  and  Institute  Merieux. 

Routine  vaccination  of  the  civilian  population  in  industri¬ 
alized  countries  is  not  currently  recommended,  because  (i) 
the  risk  of  infection  is  low,  (ii)  a  vaccine  against  group  B  is 
not  available,  and  (iii)  most  of  the  endemic  disease  occurs  in 
young  children.  Vaccination  is  advised  to  control  outbreaks 
due  to  meningococcal  serogroups  covered  by  the  vaccine. 
Routine  vaccination  is  recommended  for  travelers  to  coun¬ 
tries  recognized  as  having  hyperendemic  with  periodic  epi¬ 
demic  meningococcal  disease,  such  as  the  meningitis  belt  of 
Africa,  or  recent  epidemic  disease,  such  as  Nepal  and  Saudi 
Arabia. 

Vaccination  of  individuals  with  a  deficiency  in  one  of  the 
terminal  complement  components  or  with  properdin  defi¬ 
ciency  may  be  effective  in  preventing  disease.  Patients  with 
deficiencies  in  C5,  C6,  C7,  or  C8  have  a  prolonged  suscep¬ 
tibility  to  meningococcal  disease  and  often  develop  the 
disease  later  in  life;  the  median  age  at  the  first  episode  is  17 
years  (30).  The  low  mortality  rate  (4%)  associated  with  such 
infections  suggests  that  the  presence  of  antibodies  that  can 
promote  opsonophagocytosis  is  important  in  such  individu¬ 
als.  Therefore,  it  follows  that  vaccination  could  provide 
some  protection. 

Normal  properdin  function  appears  to  be  necessary  for 
resistance  to  meningococcal  disease.  Properdin  promotes 
bacterial  killing  through  activation  of  the  alternative  path¬ 
way  by  stabilizing  the  C3  convertase,  C3bBb  (33).  Many 
individuals  with  meningococcal  disease  associated  with 
properdin  deficiency  are  young  children,  who  would  not  be 
expected  to  have  developed  protective  antibodies  (33).  Vac¬ 


cination  of  properdin-deficient  individuals  with  the  meningo¬ 
coccal  PS  vaccines  has  been  shown  to  induce  antibodies  that 
cause  meningococcal  killing  through  the  classical  comple¬ 
ment  pathway  (6). 

Conjugate  Vaccines 

For  meningococcal  PS  vaccines  to  elicit  antibodies  in 
young  children,  they  will  have  to  be  conjugated  to  protein 
carriers.  The  duration  of  protection  in  young  children  is 
relatively  short,  and  the  antibody  response  is  not  boostable 
as  is  the  case  with  T-cell-dependent  antigens.  Meningococ¬ 
cal  A.  B,  and  C  PSs  and  oligosaccharides  have  been  cova¬ 
lently  attached  to  tetanus  toxoid  (2,  3,  18).  Jennings  and 
Lugowski  (18)  produced  conjugates  of  the  A,  B,  and  C  PSs 
by  periodate  oxidation  and  direct  attachment  through  the 
lysines  in  the  tetanus  toxoid.  In  addition,  they  prepared 
oligosaccharides  from  the  group  C  PS  and  linked  them 
through  a  spacer  molecule  to  bovine  serum  albumin.  These 
conjugates  were  used  to  hyperimmunize  mice.  All  except  the 
B  conjugate  were  highly  immunogenic.  Beuvery  et  al.  (2,  3) 
produced  group  A  and  group  C  PS  conjugates  by  attachment 
to  tetanus  toxoid.  These  conjugates  were  compared  with  the 
native  PSs  for  their  immunogenicity  in  mice.  The  native  PSs 
weie  essentially  nonimmunogenic  when  administered  in  two 
doses  10  weeks  apart.  In  contrast,  a  single  injection  of  the 
conjugates  elicited  high  antibody  levels.  A  second  injection 
at  week  10  elicited  a  booster  response,  typical  of  a  T- 
cell-dependent  response.  Adsorption  of  the  conjugates  to 
aluminum  phosphate  significantly  increased  the  primary 
immune  response,  but  failed  to  have  an  effect  on  the  booster 
response  (2,  3).  Thus,  conjugation  of  the  A  and  C  PSs  to  a 
protein  carrier  converted  the  PSs  from  T-cell-independent  to 
T-cell-dependent  antigens. 

Meningococcal  PS-protein  conjugates  have  not  been  eval¬ 
uated  to  date  in  humans.  However,  extensive  human  studies 
with  Haemophilus  influenzae  type  b  PS  conjugates  indicate 
that  conjugates  are  safe  and  much  more  immunogenic  in 
young  children  than  the  native  PS  is  (16).  A  second  injection 
of  an  H.  influenzae  type  b  conjugate  or  of  the  native  PS 
elicits  a  strong  booster  response  (16).  Whereas  the  type  b  PS 
was  not  effective  in  children  under  18  to  24  months  of  age,  a 
diphtheria  toxoid  conjugate  proved  to  be  highly  efficacious  in 
infants  under  1  year  of  age  (7).  Meningococcal  PS  conjugates 
may  also  prove  to  be  highly  immunogenic  in  young  infants. 

GROUP  B  MENINGOCOCCAL  VACCINES 
Group  B  PS 

Although  the  group  B  PS,  a  homopolymer  of  a2-8-linked 
sialic  acid,  appears  the  logical  choice  for  production  of  a 
group  B  meningococcal  vaccine,  only  limited  success  has 
been  achieved  in  animal  studies  (19,  24).  The  native  PS 
induces  only  a  transient  immunoglobulin  M  (IgM)  response 
in  humans  (40).  A  number  of  possible  explanations  have 
been  given  for  the  poor  immunogenicity,  including  sensitiv¬ 
ity  to  neuraminidases  and  the  similarity  of  the  PS  to  sialic 
acid  moieties  in  human  tissues. 

Moreno  et  al.  have  attempted  to  improve  the  immunoge¬ 
nicity  of  the  group  B  PS  by  noncovalently  complexing  it  to 
OMPs  (24)  and  by  adsorbing  the  complexed  vaccine  to 
aluminum  hydroxide  (2*').  These  vaccines  were  used  to 
immunize  mice  and  then  compared  with  vaccination  with  the 
pure  PS.  Although  the  PS  was  nonimmunogenic,  both  of  the 
other  formulations  induced  transient  increases  in  IgM  anti- 
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bodies  that  peaked  on  day  7.  A  similar  aluminum  hydroxide 
serotype  protein  group  B  PS  vaccine  failed  to  stimulate 
measurable  increases  in  group  B  PS  antibodies  in  human 
studies  (11). 

Another  approach  to  preparing  immunogenic  group  B  PS 
vaccines  is  to  covalently  link  the  PS  to  a  protein  carrier  or  to 
chemically  modify  the  PS.  The  group  B  PS  conjugates  were 
essentially  nonimmunogenic.  Jennings  et  al.  made  a  number 
of  chemical  modifications  to  the  PS  (19).  The  only  modifica¬ 
tion  that  did  not  abrogate  the  ability  of  group  B-specific 
antibodies  to  recognize  the  PS  was  removal  of  the  N-acetyl 
groups  and  substitution  of  (V-propionyl  groups. 

The  N-propionylated  PS  and  its  tetanus  toxoid  conjugate 
were  used  to  immunize  mice  by  using  Freund  complete 
adjuvant  in  a  series  of  three  injections  (19).  The  altered  PS 
alone  failed  to  induce  group  B  PS-reactive  antibodies.  In 
contrast,  two  injections  of  the  conjugate  induced  antibody 
levels  substantially  above  background,  and  the  third  injec¬ 
tion  gave  a  good  booster  response.  Interestingly,  the  anti¬ 
body  response  was  mostly  IgG.  These  antibodies  were 
shown  to  be  bactericidal  against  group  B  strains  of  different 
serotypes  (17)  but  not  against  group  A,  C,  or  W135  strains. 
Quantitative  precipitin  experiments  indicated  that  about  half 
of  the  antibodies  induced  to  the  N-propionylated  PS  were 
specific  for  the  altered  PS  (17).  Unexpectedly,  absorption  of 
the  sera  with  only  the  N-propionylated  PS  removed  the 
group  B  bactericidal  antibodies,  even  though  the  native  PS 
absorbed  all  radioimmunoassay-reactive  antibodies.  Thus, 
the  N-propionylated  group  B  PS  mimics  a  bactericidal 
epitope  on  the  group  B  organism.  Additional  studies  of  the 
nature  of  this  epitope  are  important,  and  limited  adult  human 
studies  seem  warranted. 

Important  OMPs 

A  very  promising  approach  to  the  development  of  an 
effective  group  B  meningococcal  vaccine  is  the  use  of 
lipopolysaccharide-depleted  OMP  vaccines.  Such  vaccines 
are  prepared  from  outer  membrane  fragments  depleted  of 
lipopolysaccharide  by  detergent  treatment.  The  detergent  is 
removed,  and  the  final  vaccine  is  formulated  to  also  contain 
one  or  more  meningococcal  PSs  to  improve  its  solubility  and 
immunogenicity. 

Meningococcal  outer  membranes  contain  a  number  of 
major  proteins,  and  most  of  these  proteins  are  included 
among  those  designated  as  the  class  1,2,3,  4,  and  5  proteins 
(34).  These  proteins  are  often  present  in  the  OMP  vaccines, 
which  induce  bactericidal  antibodies  in  both  animals  and 
humans.  Studies  were  therefore  done  to  help  define  the 
OMPs  responsible  for  the  induction  of  protective  antibodies 
(4,  32).  Saukkonen  et  al.  (32)  have  used  their  recently 
developed  infant  rat  model  for  meningococcal  infection  to 
evaluate  the  protection  afforded  by  monoclonal  antibodies  to 
the  class  1  and  3  OMPs.  Antibodies  against  both  classes 
were  bactericidal,  but  only  the  anti-class  1  protein  monoclo¬ 
nal  antibodies  protected  against  both  blood  and  cerebrospi¬ 
nal  fluid  infection  by  the  homologous  subtype.  In  similar 
studies,  Brodeur  et  al.  (4)  examined  monoclonal  antibodies 
against  OMP  classes  1,  2,  and  5  prepared  against  a  serotype 
2b  strain  for  their  ability  to  protect  in  a  mouse  model;  mucin 
and  hemoglobin  were  used  to  achieve  infection.  In  this 
model  none  of  the  monoclonal  antibodies  prevented  bacter¬ 
emia,  and  only  the  class  2  serotype  2b-specific  monoclonal 
antibody  significantly  reduced  lethality.  The  passive  protec¬ 
tion  studies  with  monoclonal  antibodies,  taken  as  a  whole, 
indicate  that  the  class  1  proteins  are  strong  candidates  for  an 


OMP  vaccine.  These  proteins  are  serosubtype  proteins  and 
are  shared  among  meningococcal  strains  to  a  greater  extent 
than  the  class  2  and  3  proteins  are. 

The  antigen  specificitv  of  the  adult  response  to  a  serotype 
2a  OMP  vaccine  was  examined  by  immunoblotting  (36,  37). 
Most  individuals  responded  to  some  of  the  high-molecular- 
weight  proteins  and  to  the  class  1  and  5  proteins.  It  was 
particularly  noteworthy  that  those  who  responded  with  high 
bactericidal  titers  had  high  antibody  levels  to  the  PI. 2  class 
1  protein.  The  subclass  response  was  primarily  IgGl  and 
lgG3  (37).  The  class  1  protein  is  therefore  an  important 
antigen  for  inclusion  in  an  OMP  vaccine. 

In  immunoblots,  antibody  binding  to  the  class  2  and  3 
proteins  is  dependent  upon  renaturation  in  a  dipolar-ionic 
detergent  (23).  The  postvaccination  antibodies  bound  much 
better  to  the  class  2  protein  when  the  IgG  response  to  the 
serotype  2a  protein  was  examined  in  the  presence  of  the 
detergent  Empigen  BB  (37)  than  when  the  detergent  was 
absent.  However,  the  binding  level  was  quite  variable  among 
individuals.  The  response  to  the  class  1  protein  remained 
highest. 

Recent  Clinical  Studies 

A  number  of  clinical  studies  have  been  conducted  with 
OMP  vaccines;  all  of  them  indicate  that  these  vaccines  are 
safe  and  immunogenic.  Most  individuals  will  experience 
local  reactions  of  redness  or  tenderness  at  the  injection  site, 
but  systemic  reactions  are  minimal  (11). 

Rosenqvist  et  al.  (29)  examined  the  antibody  responses  of 
57  Norwegian  adults  to  a  vaccine  containing  OMPs  of 
serotypes  2b:P1.2  and  15:P1.16  noncovalently  complexed  to 
meningococcal  PSs  A,  C,  Y,  and  W135.  Volunteers  received 
one  dose  of  the  vaccine  containing  52  jig  of  protein  from 
each  serotype.  40  p.g  of  each  PS.  and  3.5  p-g  of  lipopolysac¬ 
charide.  Overall.  70%  of  the  vaccinees  had  immune  re¬ 
sponses  to  both  serotypes  as  judged  by  the  enzyme-linked 
immunosorbent  assay  and  bactericidal  assay.  The  vaccinee 
responses  were  equivalent  to  those  of  group  B  meningococ¬ 
cal  disease  patients,  who  had  mostly  B:15:P1.16.  The  anti¬ 
body  response  was  predominantly  IgG,  as  we  had  found  in 
similar  studies  (11).  The  majority  of  the  vaccinees  had 
substantial  increases  in  bactericidal  antibodies  to  both  sero¬ 
types  included  in  the  vaccine.  Before  vaccination,  60%  of 
the  individuals  had  no  detectable  bactericidal  activity  against 
either  serotype,  and  after  immunization,  only  21  and  24% 
lacked  bactericidal  antibodies  against  types  2b  and  15, 
respectively.  A  second  immunization  or  use  of  adjuvants 
would  probably  improve  the  response. 

An  important  observation  of  Rosenqvist  et  al.  (29)  was  the 
excellent  correlation  {r  =  0.8)  between  the  IgG  levels  mea¬ 
sured  by  the  enzyme-linked  immunosorbent  assay  and  bac¬ 
tericidal  titers  measured  by  using  human  complement.  Ear¬ 
lier  studies  in  which  baby  rabbit  serum  was  used  as  a  source 
of  complement  failed  to  show  a  correlation  between  the  two 
assays. 

The  major  target  population  for  a  group  B  vaccine  is  young 
children.  We  have  therefore  compared  the  immune  re- 
spon.ses  of  adults  and  children  to  vaccines  consisting  of 
serotype  2a  OMP  noncovalently  complexed  with  group  B 
meningococcal  PS  (9).  The  antibody  responses  were  mea¬ 
sured  by  the  enzyme-linked  immunosorbent  assay  with 
purified  serotype  2a  outer  membrane  vesicles  and  by  a 
bactericidal  assay  with  a  group  C:2a  strain  and  baby  rabbit 
serum  complement.  In  both  assays  young  children  (under  6 
years  old)  f;d  lower  antibody  responses  than  did  older 
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children  and  adults.  Over  509?^  of  children  over  2  years  of  age 
had  postimmunization  bactericidal  titers  of  1:8  or  greater, 
compared  with  only  209?^  for  those  under  2  years  of  age.  By 
comparison.  70  to  809^  of  adults  had  a  fourfold  rise  in  their 
bactericidal  titer  after  immunization  (8). 

In  an  effort  to  improve  the  percentage  of  young  children 
developing  bactericidal  antibodies  following  administration 
of  serotype  vaccines,  we  have  evaluated  the  effect  of  adsorp¬ 
tion  of  serotype  2b  protein  vaccines  onto  aluminum  hydrox¬ 
ide.  Initial  studies  in  animals  indicated  that  adsorption  of  the 
vaccine  significantly  improved  the  immune  response  (9).  The 
experiments  have  now  been  extended  to  studies  with  adult 
volunteers  (11).  Groups  of  adults  were  immunized  with  a 
serotype  2b-group  B  PS  vaccine  with  and  without  aluminum 
hydroxide  adjuvant.  The  adjuvant  improved  the  antibody 
response  as  measured  by  the  enzyme-linked  immunosorbent 
assay  and  bactericidal  assay.  Only  those  who  received  the 
first  immunization  with  adjuvant  had  a  booster  effect  on 
reimmunization.  These  studies  indicate  that  aluminum  hy¬ 
droxide  or  other  adjuvants  should  be  used  to  increase  the 
percentage  of  children  who  respond  to  OMP  vaccines. 

Efficacy  Trials 

Trials  to  estimate  the  efficacy  of  OMP  vaccines  for  pre¬ 
venting  group  B  meningococcal  disease  have  been  con¬ 
ducted  in  South  Africa  and  are  now  in  progress  in  Cuba  and 
Chile.  A  randomized  serotype  2a  vaccine  trial  was  carried 
out  in  Cape  Town.  South  Africa,  in  1981  (10).  The  vaccine 
was  administered  to  2,200  children  between  4  months  and  6 
years  of  age  (mean.  2  years).  Another  2,200  received  a  group 
A  and  C  PS  vaccine.  The  trial  was  conducted  during  a  group 
B  serotype  2b  epidemic  and  provided  evidence  for  protec¬ 
tion  against  group  B  serotype  2  disease,  but  insufficient 
numbers  of  children  were  immunized  to  allow  for  a  statistical 
estimate  of  efficacy.  Results  are  not  yet  available  for  the 
other  trials. 

Problems  with  Serotype  Protein  Vaccines 

One  problem  with  the  serotype  protein  approach  to  pre¬ 
vention  of  group  B  meningococcal  disease  is  the  restricted 
range  of  protection  induced  by  the  serotype  and  subtype 
proteins.  To  achieve  broad  protection,  a  vaccine  would  have 
to  contain  OMPs  from  at  least  three  or  four  serotypes,  and 
inclusion  of  this  number  in  a  vaccine  is  feasible. 

The  serotypes  associated  with  significant  levels  of  disease 
vary  from  one  geographic  region  to  another,  as  well  as  over 
a  period  of  years.  Continued  epidemiological  surveillance  of 
disease-associated  serotypes  should  be  done  to  produce  the 
optimal  vaccine  for  a  given  period  and  location. 

Although  serotype  protein  vaccines  offer  the  best  imme¬ 
diate  approach,  there  may  be  alternatives.  An  ideal  menin¬ 
gococcal  vaccine  would  be  immunogenic  in  all  age  groups 
and  protect  against  all  group  B  strains  and  possibly  all 
meningococci.  However,  such  a  vaccine  can  be  developed 
only  when  there  is  a  much  better  understanding  of  the  basic 
mechanisms  by  which  the  organism  is  able  to  gain  entrance 
into  the  host,  evade  host  defen.ses,  and  cause  invasive 
disease.  Alternative  antigens  that  must  be  examined  include 
the  high-molecular- weight,  iron-inducible  OMPs  found  in  all 
meningococci.  These  and  other  surface  proteins,  such  as 
stress  proteins,  are  induced  or  greatly  increased  under  in 
vivo  growth  conditions.  We  know,  for  instance,  that  patients 
respond  strongly  to  some  high-molecular- weight  OMPs  that 
appear  only  as  very  minor  proteins  when  the  organisms  are 


grown  on  the  usual  laboratory  media.  Therefore,  membrane 
vaccines  should  be  prepared  from  organisms  induced  to 
elaborate  these  proteins.  Other  alternative  antigens  include 
fimbriae  and  lipopolysaccharide-derived  oligosaccharides 
covalently  bound  to  a  protein  carrier. 

In  conclusion,  the  existing  meningococcal  PS  vaccines  are 
safe  and  effective  and  should  be  used  to  control  outbreaks 
due  to  serogroups  A.  C.  Y,  and  W135.  In  severe  group  B 
outbreaks,  in  which  only  one  or  two  serotypes  are  respon¬ 
sible  for  most  cases  of  the  disease,  a  serotype  protein 
vaccine  is  likely  to  be  valuable.  1  am  confident  that  serotype 
protein  vaccines  will  protect  against  group  B  and  group  C 
disease,  but  1  am  concerned  that  such  protection  may  not 
provide  sufficient  coverage;  that  is.  protection  may  be  too 
serotype  restricted.  For  broad  protection,  the  vaccine  po¬ 
tential  of  alternative  cell  surface  components  must  be  eval¬ 
uated.  When  an  effective  group  B  meningococcal  vaccine  is 
developed,  this  vaccine  would  ideally  be  combined  with  the 
other  meningococcal  PSs,  the  H.  influenzae  type  b  PS.  and 
possibly  some  of  the  pneumococcal  PSs,  because  our  ulti¬ 
mate  goal  is  to  prevent  the  most  common  causes  of  pediatric 
bacterial  meningitis. 

LITERATURE  CITED 

1.  Artenstein,  M.  S.,  R.  Gold,  J.  G.  Zimmerly,  F.  A.  Wyle,  H- 
Schneider,  and  C.  Harkins.  1970.  Prevention  of  meningococcal 
disease  by  group  C  polysaccfiaride  vaccine.  N.  Engl.  J.  Med. 
282:417^20. 

2.  Beuvery,  E,  C.,  A.  Kaaden,  V.  Kanhai,  and  A.  B.  Leussink.  1983. 
Physiochemical  and  immunological  characterization  of  menin¬ 
gococcal  group  A  polysaccharide-tetanus  toxoid  conjugates 
prepared  by  two  methods.  Vaccine  1:31-36. 

3.  Beuvery,  E.  C.,  F.  Miedema,  R.  Van  Delft,  and  K.  Haverkamp. 
1983.  Preparation  and  immunochemical  characterization  of 
meningococcal  group  C  polysaccharide-tetanus  toxoid  conju¬ 
gates  as  a  new  generation  of  vaccines.  Infect.  Immun.  40:39-45. 

4.  Brodeur,  B.  R.,  Y.  LaRose,  P.  Tsang,  J.  Hamel,  F.  A.  Ashton, 
and  A.  Ryan.  1985.  Protection  against  infection  with  Neisseria 
meningitidis  group  B  serotype  2b  by  passive  immunization  with 
serotype-specific  monoclonal  antibody.  Infect.  Immun.  50:510- 
516. 

5.  Centers  for  Disease  Control,  1985.  Recommendations  of  the 
Immunization  Practices  Advisory  Committee  (ACIP) — menin¬ 
gococcal  vaccines.  Morbid.  Mortal.  Weekly  Rep.  34:255-259. 

6.  Densen,  P.,  J.  M.  Weller,  J.  M.  Grifliss,  and  L.  G.  Hoffmann. 
1987.  Familial  properdin  deficiency  and  fatal  meningococcemia: 
correction  of  the  bactericidal  defect  by  vaccination.  N.  Engl.  J. 
Med.  316:922-926. 

7.  Eskoia,  J.,  H.  Peltola,  A.  K.  Takala,  H.  Kayhty,  M.  Hakulinen, 
V.  Karanko,  E.  Kela,  P.  Rekola,  P.-R.  Ronnberg,  J.  S.  Samuel- 
son,  L.  K.  Gordon,  and  P.  H.  Makela.  1987.  Efficacy  of 
Haemophilus  influenzae  type  b  polysaccharide-diphtheria  tox¬ 
oid  conjugate  vaccine  in  infancy.  N.  Engl.  J.  Med.  317:717-722. 

8.  Frasch,  C.  E.  1983.  Immunization  against  Neisseria  meningiti¬ 
dis.  p.  1L5-144.  In  C.  S.  F.  Easmon  and  J.  Jeljaszewicz  (ed.). 
Medical  microbiology,  vol.  2.  Academic  Press,  Inc..  New  York. 

9.  Frasch,  C.  E,,  G.  j,  Coetzee,  L.  Wu,  L.  Y.  Wang,  and  E. 
Rosenqvist.  1987.  Immune  response  of  adults  and  children  to 
group  B  Neisseria  meningitidis  outer  membrane  protein  vac¬ 
cines,  p.  262-272.  In  J.  B.  Robbins  (ed.).  Bacterial  vaccines. 
Praeger  Publications,  New  York. 

10.  Frasch,  C.  E.,  G.  Coetzee,  J.  M.  Zahradnik,  H.  A.  Feldman,  and 
H.  J.  Koomhof.  1983.  Development  and  evaluation  of  group  B 
serotype  2  protein  vaccines:  report  of  a  group  B  field  trial.  Med. 
Trop.  43:177-183. 

11.  Frasch,  C.  E.,  J.  M.  Zahradnik,  L.  Y.  Wang,  L.  F.  Mocca,  and 
C.-M.  Tsai.  1988.  Antibody  response  to  adults  to  an  aluminum 
hydroxide  adsorbed  Neisseria  meningitidis  serotype  2b  protein 
group  B-polysaccharide  vaccine.  J.  Infect.  Dis.  158:710-718. 

12.  Frasch,  C.  E.,  W.  D.  Zollinger,  and  J.  T.  Poolman.  1985. 
Serotype  antigens  of  Neisseria  meningitidis  and  a  proposed 


S138  FRASCH 


Clin.  Microbiol.  Rev. 


scheme  for  designation  of  serotypes.  Rev.  Infect.  Dis.  7:504- 
510. 

13.  Gold,  R.  1979.  Immunogenicity  of  meningococcal  polysaccha¬ 
rides  in  man,  p.  121-151.  In  J.  Rudbach  and  P.  Baker  (ed.). 
Immunology  of  bacterial  polysaccharides.  Elsevier  Science 
Publishing.  Inc.,  New  York. 

14.  Gotschlich,  E.  C.,  I.  Goldschneider,  and  M.  S.  Artenstein.  1969. 
Human  immunity  to  the  meningococcus  IV.  Immunogenicity  of 
group  A  and  group  C  polysaccharides  in  human  volunteers.  J. 
Exp.  Med.  129:1367-1384. 

15.  Gotschlich,  E.  C.,  M.  Rey,  R.  Triau,  and  K.  J.  Sparks.  1972. 
Quantitative  determination  of  the  human  immune  response  to 
immunization  with  meningococcal  vaccines.  J.  Clin.  Invest. 
SI:8SF-%. 

16.  Granoff,  D.  M.,  and  R.  S.  Munson,  Jr.  1986.  Prospects  for 
prevention  of  Haemophilus  influenzae  type  b  disease  by  immu¬ 
nization.  J.  Infect.  Dis.  153:448-461. 

17.  Jennings,  H.  J.,  A.  Gamian,  and  F.  E.  Ashton.  1987.  N- 
Propionylated  group  B  meningococcal  polysaccharide  mimics  a 
unique  epitope  on  group  B  Neisseria  meningitidis.  J.  Exp.  Med. 
165:1207-1211. 

18.  Jennings,  H.  J.,  and  C.  Lugowski.  1981.  Immunochemistry  of 
groups  A,  B,  and  C  meningococcal  polysaccharide-tetanus 
toxoid  conjugates.  J.  Immunol.  127:1011-1018. 

19.  Jennings,  H.  J.,  R.  Roy,  and  A.  Gamian.  1986.  Induction  of 
meningococcal  group  B  polysaccharide-specific  IgG  antibodies 
in  mice  using  an  N-propionylated  B  polysaccharide-tetanus 
toxoid  conjugate  vaccine.  J.  Immunol.  137:1708-1713. 

20.  Rabat,  E.  A.,  H.  Kaiser,  and  H.  Sikorski.  1945.  Preparation  of 
the  type-specific  polysaccharide  of  the  type  I  meningococcus 
and  a  study  of  its  effectiveness  as  an  antigen  in  human  beings.  J. 
Exp.  Med.  80:299-307. 

21.  Kayhty,  H.,  V.  Karanko,  H.  Peltola,  S.  Sarna,  and  P.  H.  Makeia. 
1980.  Serum  antibodies  to  capsular  polysaccharide  vaccine  of 
group  A  Neisseria  meningitidis  followed  for  three  years  in 
infants  and  children.  J.  Infect.  Dis.  142:861-868. 

22.  Lepow,  M.  L.,  J.  Beeler,  M.  Randolph,  J.  S.  Samuelson,  and 
W.  A.  Hankins.  1986.  Reactogenicity  and  immunogenicity  of  a 
quadravalent  combined  meningococcal  polysaccharide  vaccine 
in  children.  J.  Infect.  Dis.  154:1033-1036. 

23.  Mandrell,  R.  E.,  and  W.  D.  Zollinger.  1984.  Use  of  a  zwitter- 
ionic  detergent  for  the  restoration  of  the  antibody-binding 
capacity  of  electroblotted  meningococcal  outer  membrane  pro¬ 
teins.  J.  Immunol.  Methods  67:1-11. 

24.  Moreno,  C.,  M.  R.  Lifely,  and  J.  Esdaile.  1985.  Immunity  and 
protection  of  mice  against  Neisseria  meningitidis  group  B  by 
vaccination,  using  polysaccharide  complexed  with  outer  mem¬ 
brane  proteins:  a  comparison  with  purified  B  polysaccharide. 
Infect.  Immun.  47:527-533. 

25.  Moreno,  C.,  M.  R.  Lifely,  and  J.  Esdaile.  1985.  Effect  of 
aluminum  ions  on  chemical  and  immunological  properties  of 
meningococcal  group  B  polysaccharide.  Infect.  Immun.  49: 
587-592. 

26.  Peltola,  H.,  P.  H.  Makeia,  H.  Kayhty,  H.  Jousimies,  E.  Herva,  K. 
Hallstrom,  A.  Sivonen,  O.-V.  Renkonen,  O.  Petty,  V.  Karanko, 
P.  Ahonen,  and  S.  Sama.  1977.  Clinical  efficacy  of  meningococ¬ 


cus  group  A  capsular  polysaccharide  vaccine  in  children  three 
months  to  five  years  of  age.  N.  Engl.  J.  Med.  297:686-691. 

27.  Peltola,  H.,  A.  Salary,  H.  Kayhty,  V.  Karanko,  and  F.  E.  Andre. 
1985.  Evaluation  of  2  letravalent  (ACYW135)  meningococcal 
vaccines  in  infants  and  small  children — a  clinical  study  compar¬ 
ing  immunogenicity  of  0-acetyl-negative  and  0-acetyl-positive 
group  C  polysaccharides.  Pediatrics  76:91-96 

28.  Reingold,  A.  L.,  C.  V.  Broome,  A.  W.  Hightower,  G.  W.  Ajello, 
G.  A.  Bolan,  C.  Adamsbaum,  E.  E.  Jones,  C.  Phillips,  H. 
Tiendrebeogo,  and  A.  Yada.  1985.  Age-specific  differences  in 
duration  of  clinical  protection  after  vaccination  with  polysac¬ 
charide  A  vaccine.  Lancet  ii:114-118. 

29.  Rosenqvist,  E.,  S.  Harthug,  L.  O.  Froholm,  E.  A.  Hoiby,  K. 
Bovre,  and  W.  D.  Zollinger.  1988.  Antibody  responses  to 
serogroup  B  meningococcal  outer  membrane  antigens  after 
vaccination  and  infection.  J.  Clin.  Microbiol.  26:1543-1548. 

30.  Ross,  S.  C.,  and  P.  Densen.  1984.  Complement  deficiency  states 
and  infection:  epidemiology,  pathogenesis  and  consequences  of 
neisserial  and  other  infections  in  an  immune  deficiency.  Medi¬ 
cine  63:243-273. 

31.  Sanborn,  W.  A.  1987.  Development  of  meningococcal  vaccines, 
p.  121-134.  In  N.  A.  Vedros  (ed.).  Evolution  of  meningococcal 
disease,  vol  2.  CRC  Press.  Inc.,  Boca  Raton.  Fla. 

32.  Saukkonen,  K.,  H.  Abdillahi,  J.  T.  Poolman,  and  M.  Leinonen. 
1987.  Protective  efficacy  of  monoclonal  antibodies  to  class  1  and 
class  3  outer  membrane  proteins  of  Neisseria  meningitidis 
B:15:P1.16  in  infant  rat  infection  model:  new  prospects  for 
vaccine  development.  Microb.  Pathogen.  3:261-267. 

33.  Sjoholm,  A.  G.,  E.  J.  Knyper,  C.  C.  Tijssen,  A.  Jansz,  P.  Bol,  L. 
Spaiyaard,  and  H.  C.  Zanen.  1988.  Dysfunctional  properdin  in  a 
Dutch  family  with  meningococcal  disease.  N.  Engl.  J.  Med. 
319:33-37. 

34.  Tsai,  C.-M.,  C.  E.  Frasch,  and  L.  F.  Mocca.  1981.  Five  struc¬ 
tural  classes  of  major  outer  membrane  proteins  in  Neisseria 
meningitidis.  J.  Bacteriol.  146:69-78. 

35.  Vedros,  N.  A.  1987.  Development  of  meningococcal  serogroups. 
p.  33-38.  In  N.  A.  Vedros  (ed.),  Evolution  of  meningococcal 
disease,  vol  2.  CRC  Press.  Inc.  Boca  Raton,  Fla. 

36.  Wedege,  E.,  and  L.  O.  Froholm.  1986.  Human  antibody  re¬ 
sponse  to  a  group  B  serotype  2a  meningococcal  vaccine  deter¬ 
mined  by  immunoblotting.  Infect.  Immun.  51:571-578. 

37.  Wedege,  E.,  and  T.  E.  Michaelsen.  1987.  Human  immunoglob¬ 
ulin  G  subclass  immune  response  to  outer  membrane  antigens  in 
meningococcal  group  B  vaccine.  J.  Clin.  Microbiol.  25:1349- 
1353. 

38.  Whadan,  M.  H.,  F.  Rizk,  A.  M.  El-Akkad,  A.  A.  El  Ghoroury, 

R.  Hablas,  N.  I.  Girgis,  A.  Amer,  W.  Boctar,  J.  E.  Sippel,  E.  C. 
Gotschlich,  and  R.  Triau.  1973.  A  controlled  field  trial  of 
serogroup  A  meningococcal  polysaccharide  vaccine.  Bull. 
W.H.O.  48:667-673. 

39.  Williamson,  W.  A.,  and  B.  M.  Greenwood.  1978.  Impairment  of 
the  immune  response  to  vaccination  after  acute  malaria.  Lancet 
i:1328-1329. 

40.  Zollinger,  W.  D.,  R.  E.  Mandrell,  J.  M.  Griffiss,  P.  Altieri,  and 

S.  Berman.  1979.  Complex  of  meningococcal  group  B  polysac¬ 
charide  and  type  2  outer  membrane  protein  immunogenic  in 
man.  J.  Clin.  Invest.  63:836-848. 


Ci.iNit  Ai  Microbioiogy  Rfvikws,  Apr.  19S9.  p.  Sl-'59-S145 
0893-85 1 2/89/()SS  1 39-07$0:  .00/0 

Copyright  4“  1989,  American  Society  for  Microbiology 


Vol.  2.  Suppl. 


Genetic  Mechanisms  and  Biological  Implications  of  Phase  Variation 

in  Pathogenic  Neisseriae 

THOMAS  F.  MEYER'*  and  J.  P.  M.  van  PUTTEN" 

Max-PUinck-Institiit  fiir  Biolo}>u‘.  Iiifektf;enetik.  Spemitnnstmsse  34.  D-74()l)  Tiihiiif’en,  Fcdercil  Republic  of  Germany,' 
and  Department  of  Medical  Microbiology.  University  of  Amsterdam.  NL-1 105  A'Z 
Amsterdam .  The  Netherlands^ 


A  sophisticated  strategy  used  by  a  number  of  procaryotic 
and  eucaryotic  microorganisms  to  escape  host  defense 
mechanisms  is  that  of  varying  the  expression  of  their  major 
surface  antigens.  This  immune  escape  strategy  has  been 
nicely  documented  for  African  trypanosomes  16)  and  Borrel- 
ia  hermsii  (2).  Antigen  variation  in  pathogenic  neisseriae 
leads  to  another  intriguing  view  of  the  same  phenomenon: 
the  variation  of  functional  properties  of  the  respective  sur¬ 
face  proteins.  There  are  two  classes  of  proteins  in  patho¬ 
genic  neisseriae  that  undergo  antigenic  variation,  (i)  pilin, 
the  major  subunit  of  the  pili,  and  (ii)  the  opacity-associated 
proteins  (OPAs),  previously  P.II  or  class  5  proteins,  a  family 
of  heat-modifiable  outer  membrane  proteins.  Both  classes  of 
proteins  are  substantially  immunogenic  and  have  an  essen¬ 
tial  role  in  bacterial  adherence.  Conceivably,  variation  of 
these  proteins  not  only  leads  to  immunological  changes  but 
also  gives  rise  to  alterations  of  their  functional  (i.e..  adhe¬ 
sive)  properties.  Although  little  is  known  about  the  biologi¬ 
cal  role  of  antigen  variation  in  Neisseria  species,  extensive 
molecular  genetic  investigations  performed  during  the  past 
several  years  might  lead  us  to  gain  better  insight  into  this 
field. 

GENETICS  OF  SURFACE  PROTEIN  VARIATION 

Primary  Structure  of  Pilin  and  Organization  of  Pilin  Genes 

Variation  of  pilin  expression  in  gonococci  relies  on  a 
multigene  system.  The  genetics  of  this  system  have  been 
studied  in  greatest  detail  for  Neisseria  nonorrhoeae  MSll  (3, 
33);  complen  entary  work  has  been  done  with  N.  f;onor- 
rhoeae  P9  and  N.  meningitidis  C114  (35,  36).  The  gonococcal 
genome  usually  contains  a  single  structural  gene  that  is 
responsible  for  pilin  expression  ipilE)'.  however,  two  ex¬ 
pressed  genes  are  occasionally  found  (31,  33).  The  pilE  locus 
codes  for  the  production  of  a  pilin  precursor  (propilin)  that 
carries  a  seven-amino-acid  transport  signal  at  its  amino 
terminus.  Posttranslational  processing  of  propilin  involves 
replacement  of  the  short  signal  peptide  by  an  N-methyl 
group  (21).  The  signal  peptide  is  linked  to  an  adjacent 
hydroph  .Ybic  region  which  constitutes  the  amino  terminus  of 
mature  pilin.  Functionally,  this  hydrophobic  region  is 
thought  to  substitute  for  the  hydrophobic  core,  typically 
seen  in  transport  signals  but  missing  in  the  short  signal  of 
propilin.  Furthermore,  this  region  has  been  implicated  in  the 
polymerization  of  pilin  into  pili.  The  amino-terminal  portion 
of  pilin  is  conserved  among  different  gonococcal  pilin  mole¬ 
cules  and  shows  homology  with  the  N-methyl  pili  of  related 
species  (see,  e.g.,  reference  39). 

Almost  all  variations  between  different  gonococcal  pilins 
seem  to  occur  within  six  short  regions,  called  minicassettes 
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(MCs).  located  toward  the  central  and  carboxy-terminal 
portions  of  pilin  (14.  15,  54).  Of  all  the  minicassettes,  MC2  is 
the  most  variable  and  constitutes  the  immunodominant 
region  of  pilin.  The  short  sequences  interspersed  between 
the  MCs  are  highly  conserved  at  both  the  protein  and 
deoxyribonucleic  acid  (DNA)  levels  of  variant  genes  (14). 

In  addition  to  the  expression  genets),  a  gonococcal  cell 
contains  many  silent  gene  loci  (pilS).  A  silent  locus  carrie.s 
one  or  more  partial  pilin  gene  copies  which  are  tandemly 
arranged  and  connected  by  repetitive  sequences  (13).  Al¬ 
though  these  partial  gene  copies  show  the  same  arrangement 
of  variable  MCs  in  comparison  with  variant  expression 
genes,  they  are  devoid  of  the  conserved  amino-terminal 
coding  sequences  (13).  Silent  loci  carry  several  repetitive 
sequence  motifs  with  counterparts  in  the  expression  loci 
(13).  Striking  sequence  homologies  and  similarities  in  the 
organization  of  silent  and  expressed  genes  are  observed 
between  gonococci  and  meningococci  (36). 

Variation  of  Pilin  Expression 

Changes  in  the  expression  of  pilin  result  from  recombina¬ 
tion  of  silent  gene  copies  with  the  expressed  gene.  In  this 
way,  the  expressed  gene  acquires  variable  minicassettes 
such  that  some,  but  not  all,  of  its  minicassettes  are  replaced 
by  minicassettes  from  any  of  the  silent  loci.  This  intragenic 
recombination  leads  to  an  immense  variability  of  sequences 
in  the  expression  genes  (14.  15,  .54). 

Most  often,  variant  propilins  produced  by  an  altered 
expression  gene  give  rise  to  pili  with  altered  antigenic  and 
adhesive  properties  (28,  58).  Some  propilins.  however,  are 
processed  in  an  alternative  fashion  at  position  40  (Fig.  1). 
This  alternative  cleavage,  which  seems  to  depend  on  the 
sequence  composition  in  the  expressed  gene,  removes  the 
hydrophobic  region  of  pilin.  Consequently,  the  resulting 
product  (called  S  pilin)  is  unable  to  polymerize;  S  pilin  is 
instead  secreted  as  a  soluble  antigen  (14).  If  all  the  propilin  is 
converted  into  S  pilin,  the  host  cells  are  of  course  nonpili- 
ated.  Often,  though,  the  propilin  of  S  variants  is  only 
partially  converted  into  S  pilin.  thus  giving  rise  to  cells  which 
show  weak  or  intermediate  piliation  and  which  produce 
standard  pilin  and  S  pilin  at  the  same  time. 

Recombination  between  cassettes  of  the  pilS6  locus  and 
pilE  leads  to  yet  another  type  of  variant  (L  variant)  that  is 
characterized  by  a  slightly  extended  expression  locus  (P.  A. 
Manning,  T.  F.  Meyer,  A.  Kaufmann,  B.-Y.  Reimann.  U. 
Roll,  and  R.  Haas,  manuscript  in  preparation).  The  extended 
expression  locus  codes  for  a  larger  pilin  which  is  neither 
secreted  nor  assembled  into  pili  (14).  Although  the  biological 
significance  of  L  variants  is  unknown,  it  is  interesting  that 
some  L  variants  quickly  revert  to  the  piliated  phenotype. 
Moreover,  L  variants  show  an  increased  resistance  to  vari¬ 
ous  hydrophilic  antibiotics,  such  as  penicillin  and  kanamy- 


.S1.39 


S140 


MEYER  AND  van  PUTTEN 


Clin.  Microbiol.  Rev. 


immuno-dominant 

hypervariable 


P+ 


i 

H2N  I  h 


common 

hydrophobic 


P» 


1 

+ 


COOH 


Leader  mcS  mc5  mc4  mc3  itkI 

FIG.  1.  Primary  structure  of  propilin.  Propilin  consists  of  about  160  amino  acids  plus  a  seven-amino-acid  leader.  P^  and  P'  denote 
alternative  processing  sites  of  propilin  at  positions  1  and  40,  respectively,  mcl  to  mc6  indicate  the  minicassettes,  i.e.,  the  regions  which  differ 
in  variant  pilins  and  among  silent  and  expressed  pilin  genes. 


cin.  It  appears  that  S  and  L  variants  account  for  the  majority 
of  nonpiliated  phase  variants  in  strain  MSll  (14). 

Two  Mechanisms  Account  for  Pilin  Variation 

DNA  sequence  analysis  and  Southern  hybridizations  sug¬ 
gest  a  common  mechanistic  basis  for  the  generation  of  ,  S, 
and  L  variants  (14;  Manning  et  al.,  in  preparation).  Koomey 
et  al.  demonstrated  that  recombination  in  pilE  is  recA 
dependent  (25).  Our  own  studies  with  another  set  of  recA 
mutants  extend  this  observation  for  S  and  L  variants. 
Therefore,  the  increase  in  kanamycin  resistance  observed 
for  L  variants  (see  above),  which  allows  direct  quantification 
of  transitions  to  the  L  phase,  appears  to  be  a  suitable  tool 
with  which  to  monitor  the  frequency  of  pilin  variation  in 
general. 

Norlander  et  al.  (34)  previously  reported  a  reduction  in  the 
frequency  of  piliation-specific  colony  morphology  changes 
when  cultures  are  grown  in  the  presence  of  deoxyribonu¬ 
clease  1  (DNase  I).  Applying  L-phase  selection,  we  tested 
the  frequency  of  phase  transitions  in  the  presence  or  absence 
of  DNase  I.  The  results  suggest  that  in  a  mid-logarithmic- 
phase  culture,  the  frequency  of  P*  to  L-variant  transitions  is 
not  affected  by  DNase  I;  however,  in  a  stationary-phase 
culture,  i.e.,  when  autolysis  begins,  the  frequency  of  phase 
transitions  eventually  rises  between  3-  and  100-fold,  and  this 
increase  can  be  abrogated  by  the  addition  of  DNase  I  (B.  Y. 
Reimann,  R.  Haas,  and  T.  F.  Meyer,  unpublished  data). 
Similar  observations  have  been  made  by  Seifert  et  al.,  who 
used  an  engineered  marker  (cat)  as  a  reporter  of  recombina¬ 
tion  in  pilE  (46).  These  authors  further  demonstrate  a  sub¬ 
stantial  decrease  in  the  frequency  of  phase  variation  in 
DNA-uptake-deficient  (dud-l)  mutants  (46).  Taking  into  ac¬ 
count  two  other  facts,  i.e.,  the  tendency  of  gonococci  to 
undergo  spontaneous  autolysis  (16)  and  the  high  competence 
(47)  of  gonococci  for  transformation  by  species-specific 
DNA,  it  seems  evident  that  pilin  antigenic  variation  is  driven 
by  transformation-mediated  recombination. 

Obviously,  Southern  hybridizations  do  not  allow  a  distinc¬ 
tion  to  be  made  between  transformation-mediated  recombi¬ 
nation  and  the  originally  proposed  mechanism  of  pilin  vari¬ 
ation,  gene  conversion  (3,  13-15,  45,  54).  To  test  whether 
gene  conversion  accounts  for  the  low  frequency  of  phase 
transitions  seen  in  the  presence  of  DNase  I  or  in  transfor¬ 
mation-defective  mutants,  we  selected  L  variants  during 
stringent  exposure  to  DNase  I.  Strikingly,  Southern  hybrid¬ 
ization  pattern  for  L  variants  generated  under  such  condi¬ 
tions  does  not  show  the  usual  nonreciprocal  (gene  conver¬ 
sion-like)  recombination.  Instead,  such  variants  have 
undergone  reciprocal  recombination  involving  silent  and 
expressed  pil  genes  on  the  same  chromosome  (C.  P.  Gibbs, 


B.  Y.  Reimann,  R.  Haas,  A.  Kaufmann,  and  T.  F.  Meyer, 
submitted  for  publication).  On  the  basis  of  this  observation, 
we  conclude  that  pilin  variation  occurs  by  two  distinct 
recombination  processes:  (i)  transformation-mediated  re¬ 
combination  (mimicking  gene  conversion  events),  and  (ii) 
reciprocal  recombination,  which  occurs  at  a  lower  fre¬ 
quency. 


In  Vivo  Significance  of  DNA  Transformation 

If  transformation  is  an  important  factor  in  pilin  phase 
switching,  one  should  assume  that  nonpiliated  revertible 
gonococcal  variants,  although  believed  to  be  noncompetent 
(47),  are  in  fact  transformation  competent  with  frequencies 
comparable  to  that  for  piliated  gonococci.  This  can  be 
postulated  because  switching  frequencies  from  the  to  a 
P“  phase  are  of  the  same  order  of  magnitude  as  the  reverse 
transitions.  Recent  transformation  experiments  performed 
with  a  gonococcal  recAwcat  construct  indeed  demonstrate 
that  nonpiliated  gonococci  that  are  able  to  revert,  i.e.,  S-  and 
L-phase  variants,  are  highly  competent  (Gibbs  et  al.,  sub¬ 
mitted).  However,  these  observations  do  not  prove  that 
transformation  has  any  in  vivo  significance.  This  question 
seems  difficult  to  address  directly,  since  little  is  known  about 
the  stability  of  DNA  from  lysed  gonococci  or  about  the 
growth  patterns  of  gonococci  during  the  course  of  an  infec¬ 
tion. 

Recent  DNA  sequencing  work  performed  with  iga  genes 
of  various  gonococci,  however,  suggests  that  horizontal 
genetic  transfer  might  readily  occur  under  natural  conditions 
(R.  Halter,  J.  Pohlner,  and  T.  F.  Meyer,  submitted  for 
publication).  Sequence  comparison  of  four  iga  genes  re¬ 
vealed  multiple  extended  sequence  polymorphisms.  Some  of 
these  polymorphisms  are  independently  conserved  in  two  or 
three  of  these  iga  genes.  This  reveals  a  mosaiclike  genetic 
composition,  which  can  be  explained  by  efficient  horizontal 
genetic  exchange  taking  place  in  individuals  infected  with 
more  than  one  strain.  The  recent  identification  of  a  specific 
DNA  sequence  involved  in  gonococcal  transformation  (10) 
supports  the  idea  that  DNA  transformation  is  an  essential 
factor  in  genetic  exchange  in  gonococci.  Of  six  DNA  uptake 
sequences  identified,  one  was  found  to  be  located  in  the 
transcriptional  terminator  of  the  iga  gene  (10,  37). 

Within  the  pilEI  locus,  no  such  DNA  uptake  sequence 
was  detected  (10).  However,  transformation-mediated  re¬ 
combination  in  this  locus  (and  hence  pilin  variation)  might 
depend  on  such  DNA  uptake  sequences  that  may  reside  in 
the  vicinity  of  silent  pil  loci  and  have  thus  far  escaped  our 
attention. 
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FIG.  2.  Organization  of  pilus  gene  loci  in  MSll  and  recombination  between  silent  and  expression  loci.  Intragenic  recombination  in  the 
transcribed  pilin  gene  in  pHE  leads  to  variant  pilin  types,  i.e.,  antigenically  variant  pilins  (P,  and  P;).  secreted  S  pilin  (S).  and  L  pilin  (L).  the 
precise  location  of  which  has  not  been  determined,  kb,  kilobases. 


Pilin  and  Pilus  Expression  Mutants 

The  analysis  of  pilin  variation  in  gonococci  has  provided 
evidence  for  additional  genetic  changes,  which  should  be 
referred  to  as  mutations  rather  than  variations.  Two  different 
classes  of  mutants  have  been  described,  deletion  mutants 
and  point  mutants.  Deletion  mutants  (?„)  have  lost  the 
promoter  and  5'  coding  sequences  of  the  pilE  structural  gene 
f3.  44).  They  show  a  complete  loss  of  pilin-specific  expres¬ 
sion  at  both  transcriptional  and  translational  levels.  The 
deletion  formation  seems  to  depend  on  the  presence  of  a 
functional  recA  gene  and  is  virtually  irreversible,  providing 
that  there  is  no  second  active  pilE  locus  present  in  the  cell  (3; 
P.  F.  Sparling,  personal  communication;  our  unpublished 
data).  If,  however,  a  cell  initially  possessed  two  complete 
expression  loci,  one  of  which  became  deleted,  the  second 
locus  might  eventually  be  restored  by  pilE  duplication  (46), 
probably  via  the  route  of  transformation. 

The  members  of  the  second  class  of  piliation-deficient 
mutants  (P^)  have  been  characterized  as  point  mutants  that 
can  best  be  isolated  from  variation-deficient  (recA  mutant; 
gonococci  (25).  Such  mutants  also  revert  at  low  frequencies 
under  recA  conditions.  Point  or  frameshift  mutations  have 
been  identified  at  distinct  sites  in  the  pilE  gene,  giving  rise  ’o 
assembly-deficient,  truncated,  and/or  unstable  pilin  (25). 
One  might  expect,  though,  that  nonpiliated  mutants  are 
affected  in  accessory  genes  for  gonococcal  pilus  formation 
(M.  Koomey,  personal  communication). 

Regulation  of  Pilin  Expression 

Several  lines  of  evidence  suggest  that  pilE  is  subject  not 
only  to  DNA  rearrangements  that  lead  to  the  production  of 
altered  pilin.  but  also  to  regulatory  control  mechanisms. 
Apparent  sequence  homologies  exist  in  the  pilE  promoter 
region  with  known  DNA-binding  sites  of  the  Klebsiella  ntrA 
and  nifA  gene  products.  By  /ran.?-complementation  with 
Klebsiella  nifA.  activation  of  pilin  expression  can  be  ob¬ 
served  in  Escherichia  coli  (H.  S.  Seifert  and  M.  So,  personal 
communication),  suggesting  that  the  pil  gene  is  controlled  by 
an  activator,  similar  to  the  NifA  activator. 

Taha  et  al.  have,  in  fact,  described  the  isolation  of  two 
genes  from  N.  nonorrhoeae  M.S11,  pilA  and  pilB,  that  affect 


transcription  of  the  pilE  gene  in  trans  (56).  The  two  genes  are 
located  downstream  of  the  pilEl  and  opaEI  loci  (Fig.  2).  The 
pilA  product  has  an  activating  function  and  shows  at  its 
amino  terminus  a  putative  DNA-binding  motif.  The  pilB 
product  acts  as  a  repressor.  The  two  genes,  which  are 
arranged  in  diverging  orientations,  appear  to  have  overlap¬ 
ping  regulatory  regions.  Since  pilA  mutants  seem  to  be 
nonpermissive  in  gonococci,  they  are  likely  to  display  mul¬ 
tiple  effects,  comparable  to  pleiotropic  virulence  regulators 
described  for  other  systems  (see,  e.g.,  reference  30). 

Organization  of  opa  Genes 

In  contrast  to  the  pilin  gene  system,  which  includes  one  or 
two  expression  genes  and  multiple  silent  partial  genes,  the 
opa  gene  system  relies  on  a  gene  family  consisting  only  of 
complete  genes,  each  with  a  functional  promoter  (49,  50).  In 
N.  gonorrhoeae ,  N.  meningitidis,  and  N.  lactamica,  12,  3  or 
4,  and  2  opa  genes,  respectively,  have  been  identified  that 
code  for  a  group  of  heat-modifiable  OPAs  (previously  re¬ 
ferred  to  as  P.Il  for  gonococci  or  class  5  proteins  for 
meningococci).  Most  of  the  opa  genes  carry  variant  se¬ 
quences  and  appear  to  be  constitutively  transcribed  (49,  50). 
A  genetic  linkage  exists  between  some  opaE  and  pil  loci 
(silent  as  well  as  expressed),  the  meaning  of  which  has  not 
been  explained  (51)  (Fig.  2). 

Among  gonococcal  genes  that  carry  a  DNA  uptake  se¬ 
quence  is  the  opaEl  locus  (10).  This  locus  was  found  to 
undergo  recombination  with  other  opa  loci  (49,  51).  As  in  the 
case  of  the  pilin  genes,  this  process  appeared  as  a  nonrecip¬ 
rocal  event  (8.  49);  however,  in  the  light  of  recent  findings,  it 
should  probably  be  attributed  to  transformation-mediated 
recombination.  Recombination  between  opa  genes  may  oc¬ 
cur  as  an  intragenic  event,  thus  giving  rise  to  hybrid  genes 
(8).  Although  such  recombinations  can  increase  the  reper¬ 
toire  of  a  single  cell,  they  do  not  account  for  the  frequent 
phase  transitions  seen  for  OPA  expression  in  gonococci. 

CR  Variation:  Control  of  opa  Expression 

An  intriguing  fact  is  that  all  opa  genes  of  a  cell  are 
transcribed,  although  not  all  are  translated.  This  is  due  to  a 
somewhat  peculiar  expression  control  of  opa  genes,  which 
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AT^TCCAGCCCCCAAAAAAanTCTCTTacnCTCTTCTCTTCTCI  lCTCnCTCnCTCnCC6CA6CGCAGGCe  ^ 
iHeMsnProAlaProLysLysPraSerLeuLeuPheSerSerLeuLeuPheSerSerLeuLetjPheArgSerAlaGlyt 
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FIG.  -Y  Location  of  ihe  coding  repeat  in  the  opa  genes  and  the  control  mechanism  of  opa  gene  expression.  The  number  of  CR  units 
determines  the  reading  frame  of  opa  genes:  if  the  reading  frame  is  not  correct  (e.g..  eight  or  nine  CR  units),  no  OPA  protein  will  be  produced. 
Changes  in  the  reading  frame  of  opa  genes  are  RecA  independent  and  are  thought  to  be  due  to  replicative  slippage. 


was  found  to  rely  on  a  repetitive  sequence  (coding  repeat 
[CRD  affecting  the  translational  level  (49,  50).  The  CR  codes 
for  the  hydrophobic  core  of  the  leader  peptide  of  OPA 
proteins  and  consists  of  CTCTT  pentamer  units  (Fig.  3).  The 
molecular  principle  of  opa  variation  is  that  the  number  of  CR 
units  (CTCTT)  is  variable  in  each  of  the  opa  genes  and 
thereby  determines  the  reading  frame  of  an  opa  gene  (49, 
50).  Depending  on  the  number  of  CR  units  (w'hich  can  range 
from  7  to  28.  apparently  without  affecting  the  export  func¬ 
tions  of  the  OPA  leader),  the  expression  of  each  of  the  opa 
genes  in  a  cell  can  be  independently  switched  on  and  off. 
Therefore,  the  basic  repertoire  of  a  single  cell  is  limited  to 
the  number  of  genes  present.  Only  occasionally  is  this 
relatively  limited  repertoire  of  a  single  cell  altered  by  recom¬ 
bination  events  between  different  opa  genes,  as  outlined 
above  (8.  49). 

Phase  transitions  in  OPA  production  are  generally  more 
frequent  than  observed  for  pilin  variation,  reaching  frequen¬ 
cies  of  several  percent  per  cell  per  generation.  Because  of 
the  particular  features  of  the  CR  region,  we  have  suggested 
that  CR  variation  occurs  by  DNA  slippage  during  chromo¬ 
some  duplication  (32.  49).  Recently,  we  (C.  P.  Gibbs  and 
1 .  F.  Mey:  ,  unpublished  results)  and  others  (J.  Swanson, 
personal  communication)  have  shown  that  CR  variation  is 
independent  of  RecA.  Furthermore,  Cannon  (personal  com¬ 
munication)  demonstrated  by  constructing  opa::phoA  fu¬ 
sions  that  CR  variation  occurs  in  E.  coli,  suggesting  that  this 
process  does  not  need  specialized  neisserial  functions. 

BIOLOGICAL  SIGNIFICANCE  OF  ANTIGENIC 
VARIATION 

Pill 

.Several  lines  of  evidence  indicate  that  gonococci  undergo 
pilin  variation  during  a  natural  infection:  (i)  gonococcal 


isolates  from  sexual  partners  often  differ  in  pilus  type  (63); 

(ii)  pili  expressed  by  gonococcal  isolates  from  different 
anatomical  sites  have  different  antigenic  properties  (59):  and 

(iii)  gonococci  isolated  from  a  male  urethra  after  challenge 
with  a  piliated  strain  express  pili  that  differ  both  antigenically 
and  genetically  from  pili  of  the  inoculated  variant  (55). 
Antigenic  variation  might  be  necessary  to  evade  the  host 
immune  response  and/or  as  a  means  to  adapt  to  the  partic¬ 
ular  microenvironments  of  the  infected  host,  such  as  the 
recognition  of  specific  receptors  on  mucosal  surfaces.  In¬ 
deed,  there  exists  cumulative  evidence  that  pili  of  variants  of 
a  single  strain  differ  not  only  in  physical,  chemical,  and 
antigenic  properties  but  also  in  binding  characteristics.  Iso¬ 
genic  variants  of  N.  gonorrhoeae  P9  that  produced  different 
pilus  types  were  altered  in  their  ability  to  adhere  to  eucary- 
otic  cells.  So-called  alpha  pili  bound  to  human  erythrocytes 
and  buccal  epithelial  cells  (28),  whereas  beta  pili  preferen¬ 
tially  adhered  to  Chang  conjunctiva  cells  (17).  Using  isogenic 
pilin  variants  of  strain  MSll,  we  could  show  that  all  piliated 
variants  agglutinated  human  erythrocytes;  some  of  these 
variants,  however,  had  lost  the  ability  to  adhere  to  certain 
epithelial  cell  lines  as  well  as  to  cultures  of  human  corneas 
(58)  obtained  from  different  donors.  Although  all  pilin  vari¬ 
ants  produced  different  pilin  types,  there  was  no  apparent 
correlation  of  the  binding  capacity  with  distinct  amino  acid 
sequences  in  the  pilin  (J.  P.  M.  van  Putten,  R.  Haas,  and 
T.  F.  Meyer,  unpublished  data).  These  observations  suggest 
the  existence  of  different  receptors  on  different  human  cell 
types  and,  furthermore,  show  that  antigenic  variation  of 
gonococcal  pili  is  accompanied  by  changes  in  the  binding 
characteristics  of  N.  gonorrhoeae. 

Meningococcal  pili  also  undergo  antigenic  variation  during 
natural  infection.  Meningococci  isolated  from  the  blood, 
cerebrospinal  fluid,  and  nasopharynges  of  individual  patients 
have  been  found  to  possess  different  types  of  pili  (57). 
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Unfortunately,  it  is  unknown  whether  these  variants  of  a 
single  strain  differ  in  their  adherence  to  eucaryotic  cells. 
Meningococcal  strains  (isolated  from  carriers  as  well  as 
symptomatic  individuals)  have  been  shown  to  express  pilus 
types  with  different  morphological,  antigenic,  and  binding 
properties  (11,  41,  48,  60).  Therefore,  antigenic  variation 
might  also  have  functional  consequences  for  meningococci. 

The  exact  nature  of  the  pilus  domain(s)  mediating  adher¬ 
ence  to  eucaryotic  cells  is  still  undefined.  Using  a  monoclo¬ 
nal  antibody  against  a  largely  conserved  sequence  (amino 
acids  69  to  84)  of  the  pilin  molecule  (42),  Rothbard  et  al.  were 
able  to  block  the  adherence  of  both  the  homologous  and  a 
heterologous  strain  of  N.  f^onarrlioecie  to  endometrial  carci¬ 
noma  cells,  suggesting  that  this  conserved  region  contains  a 
common  receptor-binding  domain  (40).  This  finding,  how¬ 
ever,  has  not  been  confirmed  by  others.  Heckels  and  Virji 
found  that  antibodies  recognizing  a  variable  domain  of  the 
pilin  molecule  blocked  adhesion  to  Chang  conjunctiva  cells, 
whereas  antibodies  to  a  common  domain  had  no  effect  (19). 
In  this  context  it  should  be  mentioned  that  at  least  one  of  the 
cross-reacting  antibodies  used  in  this  study  (SMI)  was 
directed  against  amino  acids  49  to  53,  a  conserved  sequence 
(20)  that  Rothbard  et  al.  had  already  found  not  to  be  involved 
in  adhesion  (40).  Interestingly,  Swanson  et  al.  reported  that 
the  conserved  sequence  from  amino  acids  69  to  84  was 
subject  to  antigenic  variation  during  natural  infection  (55). 
This  finding  suggests  that  the  sequence  from  amino  acids  69 
to  84  is  not  the  (only)  domain  involved  in  receptor  recogni¬ 
tion.  It  has  become  apparent  that  in  several  Gram-negative 
species,  minor  pilus-associated  proteins,  and  not  the  major 
pilus  subunit,  are  the  mediators  of  adherence  and  are  respon¬ 
sible  for  tissue  tropisms  of  an  infection  (see,  e.g.,  references 
26  and  29).  Whether  gonococci  posses.s  pilus-associated 
proteins,  their  possible  role  in  adherence,  and  the  relation¬ 
ship  between  the  nature  of  such  proteins  and  antigenic 
variation  are  the  subjects  of  intensive  research. 

OPAs 

The  gonococcal  OPA  (previously  P.II)  and  its  OPA  coun¬ 
terpart  in  meningococci  (previously  class  5  protein)  also 
undergo  in  vivo  antigenic  variation  during  a  natural  infec¬ 
tion.  Meningococci  isolated  from  different  anatomical  sites 
differ  in  OPA  (38,  57,  63),  and  variations  in  gonococcal  OPA 
expression  can  be  found  during  the  menstrual  cycle  (9,  23). 
The  serological  diversity  of  OPA  is  relatively  limited;  gono¬ 
cocci  can  produce  up  to  seven  different  OPAs  (43),  whereas 
clinical  meningococcal  isolates  originating  from  a  single 
clone  and  obtained  over  a  4-year  period  have  been  shown  to 
produce  no  more  than  eight  different  OPAs  (1).  The  biolog¬ 
ical  significance  of  the  variation  of  OPA  expression  is  still 
uncertain,  although  there  is  evidence  that  it  plays  a  role  in 
the  modulation  of  adhesive  properties  of  the  bacteria.  Cer¬ 
tain  OPAs  have  been  associated  with  an  increased  adherence 
of  the  bacteria  to  certain  types  of  epithelial  cells,  whereas 
other  OPA  variants  can  be  associated  with  the  binding  to 
leukocytes  (17,  22,  24,  27,  61;  J.  P.  M.  van  Putten  and  T.  F. 
Meyer,  unpublished  results).  In  addition,  gonococcal  OPAs 
that  are  associated  with  pronounced  colony  opacity  function 
as  intergonococcal  clumping  factors  (or  adhesins)  in  that 
they  bind  to  the  oligosaccharide  part  of  the  lipopolysaccha- 
ride  of  neighboring  gonococci  (5,  53).  Evasion  of  the  host 
immune  defense  is.  considering  the  limited  repertoire  of  the 
variation,  probably  not  the  main  function  of  the  OPA  varia¬ 
tion;  the  variability  may  rather  occur  as  a  response  to  other 
stimuli  during  the  course  of  an  infection. 


Whether  the  variability  of  OPA  expression  also  plays  a 
role  in  the  process  after  cellular  attachment  remains  to  be 
seen.  Immunoelectron  microscopy  studies  indicate  that 
there  is  no  alteration  in  OPA  expression  during  the  adher¬ 
ence  and  internalization  of  gonococci  into  Chang  conjunc¬ 
tiva  cells  (J.  F.  L.  Weel  and  J.  P.  M.  van  Putten,  unpublished 
data). 

Identification  of  Host  Cell  Receptors 

Conclusions  drawn  from  numerous  in  vivo  and  in  vitro 
experiments  on  the  binding  of  neisseriae  to  different  cell 
types  suggest  a  difference  in  the  density  and/or  molecular 
structure  of  receptor  molecules  in  various  tissues  (19.  22.  27, 
28,  40-42,  48,  57.  58,  60,  61).  This  diversity  in  receptor 
molecules  might  explain  the  need  for  bacteria  to  produce 
adhesins.  such  as  pili  and  OPA.  with  variable  binding 
specificities.  Increasing  effort  has  been  made  to  identify  host 
cell  receptors  involved  in  the  bacterium-host  cell  interaction 
(4.  7,  12.  18.  52.  62).  However,  in  terms  of  the  relationship 
between  antigenic  variation,  variable  binding  properties,  and 
the  apparent  existence  of  more  than  a  single  type  of  receptor 
in  host  tissues,  much  work  remains  to  be  done.  The  estab¬ 
lishment  of  suitable  cell  culture  systems,  the  mutagenesis  of 
adhesive  properties  of  /V.  f’onoirhoeae  and  N.  mcninf’iiiJis. 
and  the  isolation  of  glycolipids  and  (glyco)proteins  from  the 
membranes  of  target  cells,  as  well  as  other  strategies,  might 
help  to  increase  our  understanding  at  this  point. 
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There  is  eunsiilerable  knowledge  about  the  genetics  and 
physiology  of  Scisseria  panorrhocac  (see  references  6  and 
20  for  recent  revieus).  Recent  studies  with  monoclonal 
antibodies  and  recombinant  deoxyribonucleic  acid  (DNA). 
coupled  with  studies  of  the  immunobiology  of  various  sur¬ 
face  antigens,  have  provided  significant  advances  in  our 
understanding  of  the  molecular  pathogenesis  of  the  infec¬ 
tions  caused  by  this  organism. 

Molecular  cloning  of  the  DNA  encoding  various  proteins 
has  expedited  the  identification  and  characterization  of  im¬ 
portant  surface  antigens.  To  date,  a  wide  variety  of  surface 
antigens  have  been  cloned  in  Escherichia  coli  (see  reference 
for  a  current  review ).  The  common  thread  that  underlies 
these  advances  is  the  identification  of  important  genes  by 
cloning  and  expressing  them  in  E,  coli.  However,  many 
important  proteins  may  be  missed  by  this  approach,  since  E. 
coli  mav  not  properly  express  the  genes  of  interest.  In 
addition,  the  cell  signals  that  regulate  their  biosynthesis  may 
not  he  recognized  in  E,  coli,  .An  alternative  strategy  would 
be  to  clone  and  identifv  the  desired  genes  directly  in  N, 
yonorrhocac.  To  introduce  cloned  genes  into  N,  ponor- 
rhocac,  a  significant  amount  of  research  was  necessary  to 
identify  what  genetic  tools  could  be  used,  what  strains  could 
serve  as  recipients,  and  what  cloning  vectors  could  function 
in  this  bacterium. 

PLASMIDS  OF  ,\,  GOSORRHOEAE 

Several  dilTerent  naturally  occurring  plasmids  have  been 
isolated  from  .V.  yonorrhocac.  Most  gonococcal  strains 
contain  a  4.2-kilobase  cryptic  plasmid  (19).  and  a  few  also 
contain  a  .49-kilobase  conjugal  plasmid  (18).  Plasmids  encod¬ 
ing  p-lactamase  were  first  found  in  A'.  s>onorrhocac  in 
England  in  1976  ( 16).  hut  since  then,  several  related  plasmids 
have  been  identified  elsewhere  in  strains  isolated  from 
patients  (9.  12.  .12).  Recently,  plasmids  encoding  tetracycline 
resistance  have  been  described  (l.>). 

In  addition  to  the  naturally  occurring  plasmids  that  have 
been  isolated  from  ,\.  yonorrhocac,  researchers  in  several 
laboratories  have  constructed  derivatives  of  some  of  these 
plasmids  through  recombinant  DNA  techniques.  These 
recombinant  plasmids  have  been  exploited  for  studies  of  the 
mechanisms  of  plasmid  DNA  uptake  during  transformation 
i4)  and  conjugiition  (.11).  as  well  as  for  use  in  cloning 
gonococcal  genes  (28). 

.A  bifunctional  shuttle  vector.  pLES2.  that  is  able  to 
replicate  in  V.  yonorrhocac  and  E,  coli  has  been  constructed 
by  using  one  of  the  naturally  occurring  p-lactamase  plasmids 
as  a  base  replicon  (10).  This  shuttle  vector  has  the  ability  to 
transform  .V,  yonorrhocac  at  high  frequency,  when  it  con¬ 
tains  gonococcal  DNA  (28).  To  date,  this  is  the  only  cloning 
vector  that  has  been  used  to  introduce  cloned  genes  into  N. 
yonorrhocac,  but  its  use  is  limited  by  the  constraints  of  the 
gonococcal  transformation  and  conjugation  systems. 

(IENETK:  MECHANISMS  OF  ,V.  GOSORRHOEAE 
I  ransformation  of  N ,  yonorrhocac  was  first  described  by 
Sparling  (21)  in  1966.  Unlike  most  bacterial  transformation 


systems,  all  piliated  gonococci  are  competent  for  transfor¬ 
mation  throughout  their  growth  cycle,  and  phenotypic 
expression  of  competence  requires  only  a  utilizable  energy 
source  and  cations  (2).  Through  the  use  of  DNA-mediated 
transformation,  a  limited  genetic  map  of  A',  yonorrhocac  has 
been  constructed,  although  most  of  the  markers  included  in 
this  map  involve  ribosomal  protein  genes  (24).  Both  plasmid 
and  chromosomal  DNAs  are  able  to  transform  A.  yonor¬ 
rhocac.  but  plasmid  transformation  is  inefficient  unless  the 
plasmid  contains  gonococcal  DNA  (1).  This  is  because 
gonococcal  DNA  is  selectively  taken  up  from  the  environ¬ 
ment  in  a  sequence-specific  manner  (10).  Host-mediated 
restriction  can  be  a  barrier  to  transformation  with  either 
form  of  DNA.  although  it  seems  to  act  more  efficiently  on 
plasmid  than  on  chromosomal  DNA  (25). 

The  conjugal  plasmid  present  in  certain  strains  of  A. 
yonorrhocac  is  able  to  mobilize  gonococcal  p-lactamase- 
encoding  R  factors  intraspecifically  as  well  as  interspecifi- 
cally  (7.  18).  However,  this  plasmid  is  unable  to  mobilize 
these  plasmids  efficiently  from  other  bacterial  species  into 
A.  yonorrhocac.  except  for  Neisseria  cincrca  (8).  Piffaretti 
et  al.  (17)  have  shown  that  pUB107.  a  derivative  of  RPl.  )s 
able  to  mobilize  gonococcal  R  factors  from  E.  coli  to  A. 
.yonorrhocac.  In  addition,  this  plasmid  is  able  to  mobilize  the 
gonococcal  shuttle  vector  pLES2.  Through  the  use  of 
pUB107  and  pLES2.  it  should  be  possible  to  use  conjugation 
to  mobilize  genes  cloned  in  E.  coli  into  A.  yonorrhocac  at 
high  frequencies. 

INTRODUCTION  OF  PLASMIDS  INTO 
A.  GONORRHOEAE 

Considerable  attention  has  been  given  to  the  transforma¬ 
tion  of  A.  yonorrhocac  with  plasmids.  When  plasmid  DNA 
isolated  from  A.  yonorrhocac  is  reintroduced  into  it  by 
transformation,  the  plasmid  is  linearized  during  transforma¬ 
tion  by  a  nonspecific  nuclease  (1),  yet  it  retains  its  ability  to 
transform.  In  contrast,  when  the  same  plasmid  is  isolated 
from  E.  coli  and  then  used  to  transform  A.  yonorrhocac.  it 
can  be  restricted  in  a  site-specific  manner,  and  no  transfor¬ 
mants  are  obtained  (25).  Whether  or  not  it  is  restricted 
depends  on  the  amount  of  endonuclease  present  in  the 
recipient  strain,  as  well  as  the  number  of  recognition  sites 
that  are  present  on  the  plasmid  (D.  C.  Stein,  unpublished 
observations). 

When  A.  yonorrhocac  is  transformed  with  plasmid  DNA 
that  lacks  homology  with  resident  plasmids,  about  257('  of 
the  transformants  will  contain  plasmids  of  altered  size  (22). 
When  the  recombinant  plasmid  pLES7.  encoding  the  pro- 
line-biosynthetic  genes  from  A.  yonorrhocac  KH45.  W'as 
introduced  into  a  proline  auxotroph  by  transformation,  the 
DNA  was  stably  maintained  as  an  extrachromosomal  ele¬ 
ment  (29).  Furthermore,  there  was  no  apparent  interaction 
between  the  plasmid-encoded  DNA  and  the  chromosomal 
genes.  However,  in  this  experiment,  the  primary  selection 
was  for  the  presence  of  the  plasmid,  and  then  those  plasmid- 
containing  cells  were  screened  for  the  ability  to  grow  in  the 
absence  of  proline.  This  experiment  inadvertently  selected 
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for  intact  plasmids,  because  only  cells  that  possessed  plas¬ 
mid  markers  were  analyzed  for  the  maintenance  of  gonococ¬ 
cal  genes.  Nevertheless,  these  data  indicate  that  plasmid- 
encoded  gonococcal  chromosomal  DNA  can  be  stably 
maintained  as  a  plasmid  in  ,V.  ^oiwirhoeiie.  When  the  gene 
encoding  pilin  biosynthesis  is  cloned  from  /V.  f-onorrhoeae 
PGH3-2  into  pLES2,  the  plasmid  is  unable  to  transform  N. 
^onorrhocac  PGH3-2  to  produce  stable  transformants,  even 
when  properly  methylated  (Stein,  unpublished).  This  indi¬ 
cates  that  not  all  gonococcal  genes  can  be  maintained  as 
plasmid-encoded  traits. 

.As  an  alternative  method  for  introducing  recombinant 
plasmids  into  A’,  ^onorrhocac.  I  have  cloned  a  gene  encod¬ 
ing  a  nalidi.xic  acid-resistant  form  of  the  gonococcal  DNA 
gyrase  onto  a  plasmid  that  does  not  replicate  in  N.  f;onor- 
rhoeue.  When  this  recombinant  plasmid  was  introduced  into 
■V.  ^ononhociic  by  transformation,  nalidixic  acid-resistant 
transformants  were  obtained.  When  these  transformants 
were  screened  for  the  presence  of  vector  sequences  by 
Southern  hybridization  techniques,  no  traces  were  found  in 
the  cells.  This  indicates  that  plasmid-encoded  DNA  can 
interact  with  chromosomal  DNA  (Stein,  unpublished).  This 
interaction  between  plasmid  and  chromosomal  sequences 
occurs  even  when  host-mediated  restriction  prevents  the 
acquisition  of  plasmids. 

Host-mediated  restriction  has  proven  to  be  an  effective 
barrier  in  preventing  N.  fioiionhoectc  from  acquiring  plas¬ 
mids  via  transformation  (2.3).  It  is  the  presence  of  these 
enzymes  that  probably  accounts  for  the  deletions  seen  in 
plasmids  that  are  introduced  into  ;V.  fionorrhoeae  by  trans¬ 
formation  (22).  Although  this  restriction  can  he  overcome  by 
in  vitro  methylation  (2.*'),  the  lack  of  purified  methylases  has 
precluded  their  use  in  modifying  DNA  to  allow  for  success¬ 
ful  transformation.  Host-mediated  restriction  does  not  seem 
to  be  a  barrier  to  genetic  transfer  of  plasmid  DNA  via 
conjugation  between  different  Nchsei-iu  strains  (26).  By 
using  RPl  derivatives,  it  should  be  possible  to  introduce  any 
gene,  cloned  in  pLES2.  from  E.  coli  into  N.  gonorriioeae  by 
conjugation. 

FLTL  RE  .STRATEGIES 

Researchers  in  many  laboratories  would  like  to  study  the 
role  of  certain  cellular  components  in  the  disease  process  by 
constructing  mutants  that  lack  these  factors  and  then  using 
the  mutants  in  specific  test  systems.  Chemical  mutagenesis 
of  ,V.  ^onorrhocue  is  inefficient  because  (i)  the  dose  of  most 
mutagens  required  to  produce  a  mutation  is  identical  to  the 
lethal  dose  (.‘'),  and  (ii)  multiple  mutations  may  occur.  This 
has  forced  researchers  in  most  laboratories  to  study  the 
genes  of  interest  by  cloning  and  characterizing  them  in  E. 
roli.  An  alternative  strategy  would  be  to  apply  the  tech¬ 
niques  of  in  vitro  mutagenesis  to  the  cloned  genes  and  then 
introduce  these  mutations  into  the  gonococcal  chromosome. 
Koomey  et  al.  (1.3,  14)  have  introduced  two  different  cloned 
genes  into  the  gonococcal  chromosome  by  transformation- 
mediated  marker  rescue.  In  both  cases,  they  inserted  a 
selectable  marker  (hla)  into  the  gene  they  were  trying  to 
mutagenize.  One  possible  problem  with  this  strategy  is  that 
DNA  must  be  inserted  into  the  gene  under  study.  In  many 
cases,  the  insertion  of  a  foreign  gene  into  the  chromosome 
may  block  or  interfere  with  the  natural  processes  that 
regulate  the  genes  expression. 

Described  below  is  one  strategy  that  might  be  applied  for 
the  in  vivo  construction  of  mutants  of  /V.  f^onorrhocae. 
fionococcal  DNA  that  has  been  inserted  into  plasmids 


TABLE  1.  Transformation  of  FA5100  with  plasmid-encoded 
chromosomal  genes 


DNA  added" 

No.  of  transformants  generated'’ 

Nal" 

r 

sc 

Nal'  +  LX' 

None 

<4  X  10 

<4  X  10 

NT' 

pSY6 

3.8  X  10 

<4  X  10  ■' 

<2.6  X  10  ' 

pL81 

<4  X  10  ■' 

1.6  X  10  ' 

NT 

pL81  -1-  pSY6 

NT 

1.6  X  10  ' 

6..*)  X  10  ' 

“  Approximately  1  ng  of  plasmid  DNA  was  added  for  each  transformation. 

*  Transformants  were  generated  by  adding  DNA  to  ca.  5  x  10^  cells  and 
allowing  cells  to  express  transforming  DNA  for  6  h  before  plating  on  GCK 
agar. 

'  Nalidixic  acid-resistant  transformants  were  delected  by  plating  cells  on 
GCK  agar  plus  I  p.g  of  nalidixic  acid  per  ml. 

L8  reactive  cells  were  those  that  reacted  with  monoclonal  antibody  2-l'L8 
under  the  conditions  described  by  Stein  et  al.  (27). 

These  are  nalidixic  acid-resistant  colonies  that  reacted  with  monoclonal 
antibody  2-1-L8. 

'  NT.  Not  tested. 

incapable  of  replication  in  N .  gonorrhaeiic  is  still  able  to 
transform  N.  aonorrhoeae .  In  addition,  when  this  DNA 
transforms  N.  f>anorrhoe(ie.  the  cloned  DNA  recombines 
with  the  chromosome  to  produce  stable  transformants.  This 
recombination  event  happens  even  if  the  DNA  has  had  small 
alterations  in  its  coding  sequence,  and  it  also  occurs  in  the 
presence  of  host-mediated  restriction  (Stein,  unpublished). 
By  altering  cloned  DNA  through  in  vitro  mutagenesis  tech¬ 
niques  before  introducing  the  DNA  into  N.  ^onorrhoeae  by 
transformation,  it  should  be  possible  to  introduce  precise 
mutations  into  the  gonococcal  chromosome.  This  procedure 
is  limited  only  by  our  ability  to  select  for  the  desired 
transformation  event. 

A  DNA  fragment  that  is  able  to  complement  a  lipooli- 
gosaccharide-defective  strain  (11.  21)  of  N.  fionorrhoeae. 
FA5100.  has  been  cloned  in  the  cosmid  cloning  vector. 
pHC79.  When  this  plasmid  (pL81)  is  introduced  into 
FA5100.  it  is  able  to  correct  the  defect  and  allow  for  the 
synthesis  of  parental  LOS  (E.  F.  Petricoin  and  D.  C.  Stein. 
Abstr.  Annu.  Meet.  Am.  Soc.  Microbiol.  1988.  D187.  p. 
102).  Positive  transformants  were  identified  by  blotting 
transformed  cells  onto  nitrocellulose  and  determining  which 
ones  reacted  with  a  specific  monoclonal  antibody.  The  best 
transformation  frequencies  seen  in  this  system  approached 
19f  (Stein,  unpublished),  and  so  several  hundred  colonies 
had  to  be  analyzed  before  a  single  transformant  with  the 
altered  trait  could  be  isolated.  It  seemed  probable  that  if  a 
congression  system  could  be  worked  out  for  N.  fionor- 
rhocac.  it  would  dramatically  increase  the  likelihood  of 
isolating  the  desired  event. 

The  data  presented  in  Table  1  illustrate  how  two  cloned 
genes  have  been  used  in  a  congression  experiment  to  intro¬ 
duce  specific  DNA  fragments  into  the  gonococcal  chromo¬ 
some,  even  in  the  absence  of  the  ability  to  select  directly  for 
one  of  the  fragments.  This  experiment  takes  advantage  of  the 
fact  that  a  gonococcal  cell  is  able  to  take  up  more  than  one 
piece  of  DNA.  Plasmid  pSY6,  a  plasmid  encoding  a  nalidixic 
acid  resistance  gene,  is  able  to  transform  N.  fionorrhovae 
FA51(X)  to  generate  nalidixic  acid-resistant  transformants. 
When  the  concentration  of  pSY6  used  to  transform  N. 
fionorrhoeue  is  limiting  and  the  concentration  of  a  second 
plasmid  encoding  the  nonselective  trait  is  saturating.  of 
the  nalidixic  acid-resistant  transformants  also  acquire  the 
nonselective  trait.  In  the  experiment  described  in  Table  1. 
hundreds  of  FA.3100  transformants  were  isolated  that  had 
taken  up  DNA  fragments  from  pL81.  In  the  absence  of  this 
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type  of  analysis,  much  time  was  required  to  isolate  transfor¬ 
mants  of  FA.'ilOO  that  were  transformed  with  the  DNA 
fragment,  because  the  identification  procedure  was  a  screen¬ 
ing  procedure  rather  than  a  selection  procedure  and  so  all  the 
cells  had  to  be  analyzed  to  determine  which  were  transfor¬ 
mants.  By  having  many  transformants  to  analyze,  it  is  now 
possible  to  determine  the  effects  of  the  cloned  DNA  on 
lipooligosaccharide  production. 

This  type  of  experiment  can  be  applied  to  introduce  a 
variety  of  nonselective  mutations  into  the  gonococcal  chro¬ 
mosome.  For  example,  a  variety  of  surface  proteins  have 
been  cloned  from  various  strains  of  N.  ^onorrhoeae .  Ffow- 
ever.  the  mechanism  by  which  their  antigenic  variation 
is  controlled  is  unknown.  By  making  specific  mutations  in 
the  cloned  gene  before  introducing  it  into  N.  gononhoeae . 
one  can  determine  the  role  that  specific  DNA  sequences 
play  in  regulating  the  antigenic  variation.  The  usefulness  of 
the  congression  experiment  will  be  limited  by  the  ability  to 
clone  the  desired  genes  and  the  amount  of  mismatch,  inser¬ 
tion.  or  deletion  the  gonococcal  recombination  system  will 
tolerate. 

CONCLUSIONS 

The  current  data  indicate  that  introduction  of  cloned  genes 
into  A’,  fioiiorriiocae  is  not  as  simple  as  was  initially  thought. 
Owing  to  the  presence  of  efficient  restriction  systems,  plas¬ 
mids  may  be  introduced  only  into  strains  that  lack  the 
enzyme  or  that  do  not  possess  the  recognition  sequence  in 
their  DNA.  These  problems  can  be  overcome  by  a  judicious 
choice  of  strains  or  through  in  vitro  DNA  methylation.  Most 
of  the  DNA  methylases  are  not  commercially  available,  and 
their  purification  is  difficult.  In  addition,  no  true  restriction- 
negative  strains  have  been  described.  The  transformation- 
congression  experiment  has  great  promise  for  the  introduc¬ 
tion  of  specific  mutations,  but  more  work  must  be  done  to 
determine  the  limits  of  the  system.  The  final  limitation  will 
be  in  our  ability  to  clone  the  desired  genes. 
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Immunoserology  of  Staphylococcal  Disease 

By  Carl  Abramson,  Merlin  S.  Bergdoll,  and  L.  Joseph  Wheat 
Coordinating  Editor,  Carl  Abramson 

August  1987 

Staphylococcal  diseases  continue  to  cause  high  morbidity  and  mortality.  Not  only  has  every  organ 
system  in  the  body  been  affected  independently,  but  toxic  diseases  like  toxic  shock  syndrome  and 
scalded-skin  syndrome  have  increased  our  awareness  of  the  infectious  potential  of  Staphylococcus 
aureus.  To  date,  18  extracellular  toxins  and  enzymes  associated  with  pathogenic  S.  aureus  have 
been  reported.  This  Cumitech  describes  the  serologic  and  immunodiagnostic  significance  of  two  of 
these  products,  namely,  toxic  sht  k  syndrome  toxin  and  teichoic  acid:  in  addition,  immunoassay 
methods  including  immunodiffusion,  counterimmunoelectrophoresis,  solid-phase  immunoassay,  and 
enzyme-linked  immunosorbent  assay  are  described,  their  usefulness  and  limitations  in  the  diagnosis 
of  staphylococcal  diseases  are  assessed,  and  practical  clinical  and  laboratory  guidelines  are  offered. 


Cumitechs  (Cumulative  Techniques  and  Procedures  in  Clinical  Microbiology)  are  consensus 
reports  in  pamphlet  form  on  topics  of  special  iru^rest  to  the  clinical  microbiology 
laboratory.  They  represent  expert  opinion  on  optimal  procedures  for  a  variety  of  clinical 
microbiology  techniques.  Easily  stored  in  the  special  binder  available  from  ASM.  Cumitechs 
are  authoritative,  brief,  practical — and  eminently  useful  in  the  clinical  laboratory  setting.  The 
following  Cumitechs  are  currently  available: 

’22.  Immunoserology  of  Staphylococcal  Disease 
21.  Laboratory  Diagnosis  of  Viral  Respiratory  Disease 
20.  Therapeutic  Drug  Monitoring:  Antimicrobial  Agents 
19.  Laboratory  Diagnosis  of  Chlamydial  and  Mycoplasmal  Infections 
18.  Laboratory  Diagnosis  of  Hepatitis  Viruses 
17.  Laboratory  Diagnosis  of  Female  Genital  Tract  Infections 
16.  Laboratory  Diagnosis  of  the  Mycobacterioses 
15.  Laboratory  Diagnosis  of  Viral  Infections 
14.  Laboratory  Diagnosis  of  Central  Nervous  System  Infections 

I. 3.  Laboratory  Diagnosis  of  Ocular  Infections 
12.  Laboratory  Diagnosis  of  Bacterial  Diarrhea 

II.  Practical  Methods  for  Culture  and  Identification  of  Fungi  in  the  Clinical  Microbiology 
Laboratory 

10.  Laboratory  Diagnosis  of  Upper  Respiratory  Tract  Infections 
9.  Collection  and  Processing  of  Bacteriological  Specimens 
8.  Detection  of  Microbial  Antigens  by  Counterimmunoelectrophoresis 
'  7.  Laboratory  Diagnosis  of  Lower  Respiratory  Tract  Infections 
6.  New  Developments  in  Antimicrobial  Agent  Susceptibility  Testing 
5.  Practical  Anaerobic  Bacteriology 
4.  Laboratory  Diagnosis  of  Gonorrhea 

3.  Practical  Quality  Control  Procedures  for  the  Clinical  Microbiology  Laboratory 
*2A.  Laboratory  Diagnosis  of  Urinary  Tract  Infections 
lA.  Blood  Cultures  II 

‘New  for  1987. 

Currently  out  of  sttKk. 

I _ 
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$2.00.  Payment  must  accompany  all  orders  (member  and  nonmember)  (or  single  copies  of  Cumitechs.  Prices  are 
subject  to  change  without  notice. 

AUo  available:  Three-ring  binder  for  ASM  CumUechs,  $9.00. 
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Behind  In  your  reading?  ASM  review  Journals  can  help. 

Clinical  Microbiology  Reviews 


Quarterly,  550  pages.  ISSN  0893-8512. 


Editor:  Josephine  A.  Morello 

Editorial  Board:  Judith  E.  Domer,  Lynne  Garcia,  Kenneth  J.  Ryan, 
Christine  C.  Sanders,  Thomas  F.  Smith,  Joseph  L.  Staneck,  and 
Kenneth  D.  Thompson 

Announcing  ASM's  first  new  review  journal  in  50  years!  Since  its  debut 
in  January  1988,  Clinical  Microbiology  Reviews  has  enjoyed  an  entliusiastic 
response  from  clinical  workers  and  researchers  around  the  world,  reach¬ 
ing  a  subscription  base  well  over  5,000  in  its  first  year.  One  reason  for 
CMR’s  immediate  success  is  the  tremendous  need  of  the  scientific  and 
medical  community  for  timely  and  authoritative  reviews  of  the  most 
important  developments  in  all  aspects  of  clinical  microbiologv.  The 
reviews  are  written  and  edited  to  be  very  useful  not  only  to  laboratory 
directors  and  infectious  disease  specialists  but  to  all  workers,  including 
bench  technologists. 

Topic  areas  addressed  in  CMR  include  new  diagnostic  laboratory 
technology,  specific  pathogens  or  groups  of  pathogens,  clinical  and 
laboratory  aspects  of  infections,  and  antimicrobial  agents  and  their 
applications. 


Microbiological  Reviews 

Editor:  John  L.  Ingraham 

Editorial  Board:  John  A.  Breznak,  Rowland  H.  Davis,  Wolfgang  K. 
Joklik,  Frederick  C.  Neidhardt,  P.  Frederick  Sparling,  Catherine  L. 
Squires,  Eric  J.  Stanhridge,  and  Olen  C.  Yoder 

Reading  Microbiological  Reviews  is  one  of  the  best  ways  to  keep  abreast 
of  significant  developments  and  to  broaden  one’s  basic  knowledge  across 
all  areas  of  microbiology  and  immunology.  Established  since  1937  as  the 
definitive  review  journal.  Microbiological  Reviews  publishes  timely  and 
authoritative  in-depth  reviews  to  serve  the  interests  of  all  microbiologists. 
Of  the  thousands  of  journals  and  serial  publications  in  science,  Microbio¬ 
logical  Reviews  enjoys  the  second  highest  impact  factor  in  terms  of  number 
of  citations  per  article,  second  only  to  the  Annual  Review  of  Biochemistry 
(Irom  ! .S.I.  Science  Citation  Index). 


Quarterly,  650  pages.  ISSN  0146-0749. 


Please  enter  my  1989  subscription  to  the  journai(s)  indicated  beiow. 
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